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Abstract 
Pulse electron paramagnetic resonance (EPR) distance measurements using double 
electron-electron resonance (DEER) experiments have been established as a powerful 
tool in structural biology. DEER experiments have the ability to measure the distance 
between two paramagnetic centres in biological macromolecules in the range of about 2 
to 8 nm. The paramagnetic centres are usually introduced into proteins by site-directed 
spin labelling (SDSL) of cysteine residues. 
This thesis is based on the use of new lanthanide binding tags (LBTs) for paramagnetic 
nuclear magnetic resonance (NMR) spectroscopy (reported in papers 2 and 5), DEER 
distance measurements (reported in papers 1 and 3) and time-resolved luminescence 
resonance energy transfer (LRET) experiments (reported in paper 4). In particular, use 
of two complementary techniques, DEER experiments and paramagnetic NMR 
spectroscopy, was investigated for the study of conformational changes of proteins as a 
result of protein-ligand interactions. Two proteins were studied, the E. coli 
aspartate/glutamate binding protein (DEBP) and human calmodulin (CaM). Both 
proteins have different ligand binding characteristics: DEBP binds to small organic 
molecules, while CaM binds to specific peptide sequences. 
DEBP is a periplasmic binding protein responsible for the transport of aspartic acid and 
glutamic acid across the cell membrane and widely used in the design of biosensors of 
glutamate. The protein is composed of two domains, which bind one amino acid 
molecule at the domain interface. As DEBP contains a disulfide bond, an alternative 
cysteine-independent approach for site-specific protein tagging was used, which 
involved the use of genetically encoded unnatural amino acids that were site-
specifically incorporated into proteins using orthogonal amber-suppressor 
tRNA/aminoacyl-tRNA synthetase systems. p-azido-L-phenylalanine (AzF) residues 
were incorporated into DEBP at different positions and paramagnetic lanthanide tags 
were attached to AzF via Cu(I)-catalyzed click chemistry (papers 1 and 2). Multiple 
Gd3+-Gd3+ distances measured by DEER experiments were used to define the metal 
positions, subsequently allowing -tensor determinations from sparse sets of 
pseudocontact shifts (PCSs). Both the DEER data and PCSs were in agreement with the 
closed conformation observed in the crystal structure of the homologue from S. flexneri. 
On the other hand, the PCSs indicated that the transition to the substrate-free protein 
involves a movement of the two domains as rigid entities relative to each other. 
viii 
CaM is a two-domain protein that acts as an intermediate messenger protein and 
intracellular calcium sensor, which responds to changes in Ca2+ concentrations by large 
conformational changes that enable binding to a range of different proteins involved in 
signalling pathways. The conformational changes of CaM upon binding of the 
myristoylated alanine-rich C-kinase substrate (MARCKS) peptide were studied using 
DEER experiments and paramagnetic NMR. MARCKS was chosen due to its unique 
binding mode compared to other CaM-target peptide complexes. The DEER results 
indicated that the binding of MARCKS peptide to CaM does not lock CaM in a single 
conformation. Deviations between the crystal and solution structure of the complex 
were also evident in the measured PCS data, highlighting the conformational flexibility 
of CaM that allows CaM to bind to diverse target proteins. 
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1. Introduction
1.1. Lanthanide binding tags in structural biology 
Lanthanide binding tags (LBTs) play an important role in structural biology, especially 
in paramagnetic nuclear magnetic resonance (NMR) and electron paramagnetic 
resonance (EPR) spectroscopy. As the majority of the biological macromolecules have 
no paramagnetic centres, LBTs can be used to introduce a single paramagnetic centre 
into the macromolecule to enable subsequent paramagnetic NMR and EPR experiments 
(Otting, 2010; Goldfarb, 2014). Moreover, luminescent complexes of Tb3+ and Eu3+ can 
be used in luminescence resonance energy transfer (LRET) experiments to study ligand-
protein and protein-protein interactions (Selvin, 2002; Heffern et al., 2014). 
Traditionally, LBTs are designed with thiol-reactive groups to react with cysteine 
residues in proteins under formation of covalent bonds, either disulfide or thioether 
bonds (Figure 1). This approach usually requires the removal of naturally occurring 
cysteine residues before the introduction of new cysteine residues at specific sites in the 
protein by site-directed mutagenesis, which is not feasible if the protein contains many 
natural cysteine residues or if the naturally occurring cysteine residues are essential for 
the structure or function of the protein (Su et al., 2008; Swarbrick et al., 2011; Yagi et 
al., 2011; Huang et al., 2013; Liu et al., 2014). 
Figure 1. Labelling of a cysteine residue in a protein with LBTs. The LBT reacts 
with the sulfhydryl group of cysteine residues. In this example, the reaction leads to a 
disulfide bond between the protein and the LBT. 
In order to overcome the limitations associated with cysteine residues, an alternative 
approach has been developed (Figure 2), which is based on site-specific incorporation 
of an unnatural amino acid into the target protein using an orthogonal amber-suppressor 
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tRNA/aminoacyl-tRNA synthetase pair to allow subsequent ligation of the LBT in a 
bioorthogonal chemical reaction (Loh et al., 2013). 
 
Figure 2. Labelling of proteins using the unnatural amino acids approach. The 
LBT reacts with a p-azido-L-phenylalanine (AzF) residue in the protein using Cu(I)-
catalyzed click chemistry. (A) Reaction of the C3 tag with AzF. (B) Reaction of the C4 
tag with AzF. The C3 tag leads to fewer bonds between protein backbone and 
lanthanide ion than the C4 tag, but the C4 tag more easily delivers quantitative reaction 
yields. [Reproduced from Loh et al., 2013] 
In NMR spectroscopy, LBTs are used to induce paramagnetic effects in the protein 
NMR spectra, including pseudocontact shifts (PCSs), residual dipolar couplings (RDCs) 
and paramagnetic relaxation enhancements (PREs). PCSs provide structural information 
up to 40 Å from the metal ion and thus valuable restraints in structure calculations 
(Allegrozzi et al., 2000; de la Cruz et al., 2011; Graham et al., 2011). In order for the 
lanthanide ion to generate large, useful PCSs, the LBT must be both site-specifically 
and rigidly attached to the protein (Otting, 2008). Moreover, high ligation yields are 
required to facilitate the interpretation of the NMR spectra (Loh et al., 2013). 
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LBTs containing a Gd3+ ion play an important role in EPR, as they are particularly 
suitable for Gd3+-Gd3+ distance measurements by the double electron-electron resonance 
(DEER) experiments at high magnetic field strength (Goldfarb, 2014). In order to obtain 
narrow distance distributions, the tag must be attached to the target protein as rigidly as 
possible. In addition, high ligation yields are essential for DEER experiments, as low 
yields of the tagged protein would increase the non-specific background of the 
paramagnetic centres and reduce the modulation depth. 
1.2. Research objectives 
In this thesis, a number of LBTs were tested and compared with regard to suitability for 
studying the response of proteins to ligand binding by DEER experiments and NMR 
spectroscopy. Two proteins were studied in detail, including the E. coli 
aspartate/glutamate binding protein (DEBP) and human calmodulin (CaM). In addition, 
the development of new LBTs for DEER, NMR and LRET are discussed. 
Paper 1 discusses the development of a new cysteine-independent Gd3+ tag for DEER 
distance measurements and its application in studying protein conformation, namely the 
E. Coli DEBP. The ligation of the new tag (C3-Gd3+) is achieved by the Cu(I)-catalysed 
click reaction with the genetically encoded p-azido-L-phenylalanine. 
Paper 2 discusses the study of the conformational changes of E. Coli DEBP upon ligand 
binding using a pseudocontact shifts (PCSs). The multiple Gd3+-Gd3+ distances 
measured in paper 1 were used to define the metal position in order to get a reliable fit 
of the magnetic susceptibility anisotropy () tensor from a limited number of PCSs. 
Paper 3 discusses the development of a new Gd3+ tag (C9-Gd3+), which has a short 
linkage to protein cysteine residues with a limited flexibility. 
Paper 4 discusses the development of two luminescent Tb3+ tags for LRET and their 
ligation to genetically encoded p-azido-L-phenylalanine and p-azidomethyl-L-
phenylalanine. 
Paper 5 discusses the development of new clickable tags for PCSs measurements in 
protein. In addition, the optimization of the Cu(I)-catalysed click reaction is explored. 
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2. Distance measurements by the double electron-electron resonance 
experiments 
2.1. Introduction 
Electron paramagnetic resonance (EPR) enables nanometer scale distance measurements 
using double electron-electron resonance (DEER, also called pulse electron double 
resonance (PELDOR)) experiments. This method has become a powerful tool for 
measuring distances between unpaired electrons in biological macromolecules such as 
proteins and nucleic acids (Reginsson and Schiemann, 2011; Goldfarb, 2014). Distance 
measurements based on fluorescence techniques, such as the Förster resonance energy 
transfer (FRET) can be applied at the single-molecule level and provide real-time 
dynamics. However, FRET lacks precision in quantifying distances or distance changes 
(Chao et al., 2007). Moreover, FRET measurements in proteins require double-labelling of 
the protein with two different fluorescent labels, where one label acts as a donor and the 
other as an acceptor. This makes protein labelling more cumbersome (Seo et al., 2011; 
Chatterjee et al., 2013; Kim et al., 2013; Wang et al., 2014). In contrast, DEER distance 
measurements produce reliable and precise distances in the range of 1.5–8 nm and require 
double-labelling with only one spin label, which is more convenient (Yagi et al., 2011; 
Banerjee et al., 2012; Sahu et al., 2013). The distances obtained from DEER experiments 
can be used to track conformation changes upon ligand binding in solution or can be used 
as constraints for modelling the assembly of individual protein subunits (Edwards et al., 
2014; López et al., 2014). 
In order to enable DEER distance measurements on a biological macromolecule, this 
macromolecule should carry two unpaired electron spins or paramagnetic centres. These 
paramagnetic centres could be metal ions (e.g., Cu2+ or Mn2+), metal clusters (e.g., FeS 
clusters), organic cofactor radicals or amino acid radicals formed during catalytic cycles 
(Reginsson and Schiemann, 2011). In cases where the biological macromolecule contains 
diamagnetic metal ions, e.g. Mg2+, these can sometimes be exchanged with paramagnetic 
ones (Kisseleva et al., 2005). 
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2.2. Site-directed spin labelling of biological macromolecules 
If the macromolecule has no paramagnetic centres, paramagnetic labels carrying unpaired 
electrons can be covalently attached which is called spin-labelling (Schiemann et al., 2007). 
The most widely used spin labels are stable nitroxide radicals. For proteins in particular, 
methanethiosulfonate spin label (MTSSL) is most frequently used. It reacts with the SH-
groups of cysteine residues, forming disulfide bonds (Berliner et al., 1982). 
Site-directed spin labelling (SDSL) of proteins using MTSSL could be achieved by site-
directed mutagenesis, where cysteine residues are introduced at the desired positions and 
any unwanted cysteine residues are removed (Figure 3) (Sahu et al., 2013; López et al., 
2014). 
 
Figure 3. SDSL of a cysteine residue in a protein with MTSSL. MTSSL reacts with the 
sulfhydryl group of cysteine. The reaction leads to a disulfide bond between the protein and 
the spin label with the release of methane and SO2 from the activating group of MTSSL. 
In cases where cysteine residues are essential for either the structure or function of the 
protein and cannot be removed, the spin label can be covalently linked to an unnatural 
amino acid genetically incorporated site-specifically using an orthogonal tRNA/aminoacyl-
tRNA synthetase pair (Fleissner et al., 2009; Garbuio et al., 2013). In this strategy, 
Fleissner et al. genetically incorporated p-acetyl-L-phenylalanine (p-AcPhe) into T4 
lysozyme (T4L) and then used a nitroxide label containing a hydroxylamine moiety to form 
a ketoxime-linked nitroxide. A disadvantage of this method is the higher mobility of the 
nitroxide compared to MTSSL due to the longer side chain resulting in a wider distance 
distribution. Furthermore, the acidic pH (4) required for the formation of the ketoxime is 
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not suitable for some proteins, although catalysts have recently been developed to allow the 
ketoxime formation at neutal pH (Figure 4)(Rashidian et al., 2013; Wendeler et al., 2014). 
 
Figure 4. SDSL of a genetically encoded unnatural amino acid. The the hydroxylamine 
moiety of the nitroxide spin label reacts with the unnatural amino acid (p-AcPhe) that has 
been genetically incorporated into the protein. This results in the formation of a ketoxime-
linked nitroxide spin-labelled protein. 
A more recent approach for SDSL of proteins employed the genetic incorporation of a 
nitroxide-containing unnatural amino acid using the pyrrolysyl-tRNA/pyrrolysyl-tRNA-
synthetase system (Schmidt et al., 2014). This amino acid contains more rotatable bonds 
between protein backbone and nitroxide than the aforementioned ketoxime-linked nitroxide 
spin-labelled protein, making DEER distance measurements harder to interpret. 
Furthermore, in vivo expression of proteins with the new nitroxide amino acid resulted in 
chemical reduction of at least one third of the nitroxide spin labels due to the reducing 
potential of the E. coli cytoplasm, compromising DEER measurements by greatly 
decreasing the concentration ratio of doubly versus singly nitroxide-labelled protein 
molecules, which cause rapid background decay in DEER experiments. 
2.3. Metal-based spin labelling of proteins for distance measurements 
In 2007, new spin labels for DEER measurements based on Gd3+ were introduced which 
represent an interesting alternative to nitroxides for distance measurements at high field 
because of their high sensitivity, requiring less sample, and the lack of orientation 
selectivity (Raitsimring et al., 2007). In this context, SDSL of proteins with a dipicolinic 
acid (DPA)-Gd3+ complex has been used to measure distances in the 2.9-3.4 nm range by 
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W-band DEER (Potapov et al., 2010). In addition, a Gd3+-DOTA amide tag was used to 
measure distances in protein assemblies and transmembrane helices with high precision 
(Yagi et al., 2011; Matalon et al., 2013) (Figure 5). Furthermore, DEER distance 
measurements between pairs of Gd3+ and nitroxide spin labels at W-band have the potential 
for determining distances of 8 nm and longer in proteins by allowing longer evolution times 
(Kaminker et al., 2013). 
 
Figure 5. Chemical structure of Gd3+ spin labels used for distance measurements in 
proteins at high field. 
In 2012, Goldfarb and co-workers introduced a new family of spin labels based on Mn2+ 
chelates for long-range distance measurements in proteins at high magnetic fields. Mn2+ has 
the advantage of being less toxic in living systems than Gd3+ and the smaller coordination 
number of Mn2+ allows the design of smaller labels (Banerjee et al., 2012). 
Recently, Saxena and co-workers reported DEER distance measurements between pairs of 
Cu2+ ions in proteins. The Cu2+ pair was introduced into the B1 immunoglobulin-binding 
domain of protein G (GB1) either by using two double-histidine (dHis) Cu2+-binding 
motives (Cunningham, Putterman, et al., 2015) or by SDSL using Cu2+ chelating tags 
(Cunningham, Shannon, et al., 2015). This method allows DEER distance measurements 
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between Cu2+ ions at low field. On the other hand, this method suffers from the requirement 
of high concentration of the spin-labelled protein (0.5 mM) and the reported DEER 
distances are shorter than 3 nm. 
2.4. DEER measurements 
DEER experiments are usually performed in frozen solutions in order to increase the short 
phase memory time Tm. Only recently, Hubbell and co-workers reported the room-
temperature distance measurement in spin-labelled T4 lysozyme (T4L) using a 
spirocyclohexyl nitroxide label which has an improved Tm at room temperature (Meyer et 
al., 2015). In addition to distance measurements of proteins in frozen solutions, DEER 
experiments were successfully applied to membrane-bound proteins where the SDSL 
protein is bound to lipid vesicles, rod-like micelles, or isotropic lipid bicelles (Georgieva et 
al., 2008; Drescher et al., 2010). Moreover, in-cell DEER distance measurements have been 
achieved by injecting SDSL proteins into oocytes of the African clawed frog, Xenopus 
laevis (Igarashi et al., 2010; Qi et al., 2014) or by introducing the spin-labelled protein into 
human cells using hypo-osmotic shock (Martorana et al., 2014). 
The shortest distance that could be measured by DEER is 1.5 nm which is governed by the 
magnitude of the isotropic exchange coupling constant J (Weber et al., 2002). On the other 
hand, the longest distance that could be measured is 8 nm which depends on Tm (Jeschke et 
al., 2004). Therefore, solvent deuteration is used to slow the relaxation and expand the 
range of distance measurements and sensitivity. Recently Ward et al. (2010) managed to 
exceed the 8 nm limit by using fully deuterated proteins (∼10 nm). 
2.5. Applications of DEER distance measurements 
The first DEER distance measurements in proteins were reported by Astashkin et al. (1994) 
where they measured the distance between natural tyrosine radicals in photosystem II 
(PSII) and in 2001, Persson et al. (2001) reported the first DEER distance measurements of 
spin-labelled human carbonic anhydrase II. Since then, the number of publications 
reporting DEER distance measurements in biological macromolecules has been growing 
rapidly. 
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2.5.1. Solution structure and complex formation 
DEER distance measurements have successfully been used to study the solution structure of 
proteins, protein assemblies and protein–protein interactions. Zhou et al. (2005) were the 
first to study the solution structure of the cytoplasmic domain of the anion exchange protein 
(cdb3) using SDSL. The results from the EPR and DEER experiments showed that the 
solution structure of the central core of cdb3 at neutral pH is similar to the structure 
reported from crystals grown at pH 4.8. In another study, continuous wave EPR and DEER 
were used to compare the structure of the R327 variant with wild-type P327 cdb3 which 
confirmed that the P327R mutation does not dissociate the cdb3 dimer (Zhou et al., 2007). 
These studies illustrate the drawback associated with conventional MTSSL: in order to tag 
the protein, the two cysteine residues present in wt-cdb3 had to be mutated to alanine first 
to allow SDSL of cdb3, which could potentially have affected the structure and function of 
the protein. 
Another particularly impressive example was published by Park et al. (2006). In their work, 
they constructed the assembly of the CheA histidine kinase and the adaptor protein CheW, 
which processes environmental stimuli to regulate the motility of Thermotoga maritima, 
from 40 DEER distances. The large number of distances measured allowed prediction of 
the structure, which matched the crystal structure of the complex (Figure 6). In the same 
year, Banham et al. (2006) demonstrated the ability of DEER to characterize weak protein–
protein interactions in solution through measurements of the nitroxide spin-labeled human 
von Willebrand Factor A domain (vWF-A) to detect the formation of vWF-A trimers in 
solution. 
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Figure 6. The assembly of CheW and CheAD (a) CheW-P5 interaction determined by the 
EPR experiment. Distances between spin labels (black asterisks) predict that CheW 
subdomain-2 binds the P5 proximal -barrel. (b) Crystal structure of the CheAD354–CheW 
B conformation with secondary structure showing the topological equivalence of P5 and 
CheW. The proximal -barrel of P5 (subdomain-1) binds subdomain-2 of CheW. 
[Reproduced from Park et al., 2006] 
2.5.2. Protein-ligand interactions 
Galiano et al. (2007) was the first group to use SDSL DEER experiments to study protein-
ligand interactions by measuring the interflap distances of the human immunodeficiency 
virus type 1 (HIV-1) protease. DEER experiments were performed with and without 
protease inhibitors to determine distances within the flap region of the homodimer. The 
results demonstrated that the flap region exhibits a continuous range of motion in its 
uninhibited state and upon addition of the inhibitor, the distance between spin labels 
shortens by ∼3−4 Å, indicating the closure of the flaps (Figure 7). Moreover, Blackburn et 
al. (2009) used DEER experiments to study conformational population shifts in HIV-1 
protease upon interaction with various inhibitors. Additionally, DEER distance 
measurements were used to detect the change of average flap conformations as a result of 
sequence variations within the subtypes of HIV-1 protease (Kear et al., 2009). 
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Figure 7. HIV-1 protease-ligand interactions. (a) Model structures of HIV-1 showing the 
position of spin label attachment at position K55C, the two structures represent the protease 
in a closed (red, PDB ID: 1HVI) and semi-open (blue, PDB ID: 1HHP) conformation; (b) 
normalized distance distribution profiles from Tikhonov regularization analysis of the 
dipolar echo curves in the absence (blue line) and presence (red line) of Ritonavir. 
[Reproduced from Galiano et al., 2007] 
2.5.3. Conformational changes 
Altenbach et al. (2008) used DEER distance measurements between pairs of nitroxide side 
chains introduced in helices at the cytoplasmic surface of rhodopsin to map the surface 
movement of rhodopsin upon photoactivation. The results showed that during activation of 
rhodopsin, a 5 Å outward movement of transmembrane helix 6 (TM6) and smaller 
movements involving TM1, TM7, and the C-terminal sequence following helix H8 take 
place (Figure 8). 
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Figure 8. Surface movement of rhodopsin upon photoactivation. (a) Probable locations 
of the nitroxide spins in the inactive state shown in a gradient from blue to purple and 
overlaid on a ribbon model of the inactive state from the crystal structure (PDB ID: 
1GZM); (b) Corresponding locations in light-activated state shown in a gradient from red to 
yellow, and, for reference, the ribbon model and typical contours (dotted traces) for the 
inactive state overlaid. [Reproduced from Altenbach et al., 2008] 
2.5.4. Protein dynamics 
Dockter et al. (2009) demonstrated the ability of DEER to study protein dynamics using a 
rapid freeze-quench (RFQ) DEER experiment to study the in vitro self-organization process 
of the major light-harvesting chlorophyll a/b complex (LHCII) of the photosynthetic 
apparatus (Figure 9). When the recombinant apoprotein, denatured in lithium dodecyl 
sulfate (LDS), was mixed with its pigments, chlorophylls, and carotenoids in detergent 
solution, it spontaneously folded and assembled into LHCII in the course of several 
minutes. 
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Figure 9. Proposed folding model for LHCII in vitro. After mixing the LDS-denatured 
spin-labeled Lhcb1 with pigments, folding occurs in two apparent phases taking less than 1 
min and several minutes. Formation of secondary and tertiary structure are assigned to the 
first and second phase, respectively, both triggered by cofactor binding. [Reproduced from 
Dockter et al., 2009] 
2.6. DEER as a complementary technique 
DEER experiments have been emerged as a powerful tool that can be used in combination 
with other techniques to study the structure and function of biological macromolecules. 
Grohmann et al. (2010) used a combination of DEER and FRET experiments to 
characterize the binding of RNA to archaeal RNA polymerase subunits F/E. in this study, 
DEER experiments were used for the accurate measurement of distance distributions within 
the archaeal F/E while FRET provided information about the structural flexibility of the 
RNA polymerase. Boura et al. (2011) used a combination of small-angle X-ray scattering 
(SAXS), DEER and FRET experiments to characterize the structure of the endosomal 
sorting complex (ESCRT-I) in solution where at least six structures, comprising an equally 
populated mixture of both closed and open conformations, were necessary to fit all of the 
data (Figure 10). 
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Figure 10. Solution structure of ESCRT-I. Structures are shown with their relative 
weights obtained from fitting, indicated as percentages. [Reproduced from Boura et al., 
2011] 
2.7. Research objectives 
The previous applications of DEER experiments highlight the importance of rigid tags and 
tags that can be attached to proteins independent of the presence of cysteine residues. In the 
present thesis, a new rigid Gd3+ tag was explored for DEER distance measurements (Paper 
3). In addition, the utility of the C3-Gd3+ tag was explored for cysteine-independent DEER 
measurements (Paper 1). Finally, DEER distance measurements were integrated with 
paramagnetic NMR spectroscopy to study the conformational changes of E. coli DEBP 
upon glutamate binding (Paper 2). 
  
18 
 
2.8. References 
Altenbach, C., Kusnetzow, A. K., Ernst, O. P., Hofmann, K. P. and Hubbell, W. L. (2008) 
High-resolution distance mapping in rhodopsin reveals the pattern of helix 
movement due to activation. Proc. Natl. Acad. Sci. USA 105, 7439-7444. 
Astashkin, A. V., Kodera, Y. and Kawamori, A. (1994) Distance between tyrosines Z+ and 
D+ in plant photosystem II as determined by pulsed EPR. Biochim. Biophys. Acta 
Bioenerg. 1187, 89-93. 
Banerjee, D., Yagi, H., Huber, T., Otting, G. and Goldfarb, D. (2012) Nanometer-range 
distance measurement in a protein using Mn2+ tags. J. Phys. Chem. Lett. 3, 157-160. 
Banham, J. E., Timmel, C. R., Abbott, R. J. M., Lea, S. M. and Jeschke, G. (2006) The 
characterization of weak protein–protein interactions: evidence from DEER for the 
trimerization of a von Willebrand Factor A domain in solution. Angew. Chem. Int. 
Ed. 45, 1058-1061. 
Berliner, L. J., Grunwald, J., Hankovszky, H. O. and Hideg, K. (1982) A novel reversible 
thiol-specific spin label: papain active site labeling and inhibition. Anal. Biochem. 
119, 450-455. 
Blackburn, M. E., Veloro, A. M. and Fanucci, G. E. (2009) Monitoring inhibitor-induced 
conformational population shifts in HIV-1 protease by pulsed EPR spectroscopy. 
Biochemistry 48, 8765-8767. 
Boura, E., Różycki, B., Herrick, D. Z., Chung, H. S., Vecer, J., Eaton, W. A., Cafiso, D. S., 
Hummer, G. and Hurley, J. H. (2011) Solution structure of the ESCRT-I complex by 
small-angle X-ray scattering, EPR, and FRET spectroscopy. Proc. Natl. Acad. Sci. 
USA 108, 9437-9442. 
Chao, L. K., Clegg, R. M. and Begley, T. P. (2007). Förster resonance energy transfer 
(FRET) for proteins Wiley Encyclopedia of Chemical Biology: John Wiley & Sons, 
Inc. 
Chatterjee, A., Sun, S. B., Furman, J. L., Xiao, H. and Schultz, P. G. (2013) A versatile 
platform for single- and multiple-unnatural amino acid mutagenesis in Escherichia 
coli. Biochemistry 52, 1828-1837. 
Cunningham, T. F., Putterman, M. R., Desai, A., Horne, W. S. and Saxena, S. (2015) The 
double-histidine Cu2+-binding motif: a highly rigid, site-specific spin probe for 
19 
 
electron spin resonance distance measurements. Angew. Chem. Int. Ed. 54, 6330-
6334. 
Cunningham, T. F., Shannon, M. D., Putterman, M. R., Arachchige, R. J., Sengupta, I., Gao, 
M., Jaroniec, C. P. and Saxena, S. (2015) Cysteine-specific Cu2+ chelating tags used 
as paramagnetic probes in double electron electron resonance. J. Phys. Chem. B 
119, 2839-2843. 
Dockter, C., Volkov, A., Bauer, C., Polyhach, Y., Joly-Lopez, Z., Jeschke, G. and Paulsen, 
H. (2009) Refolding of the integral membrane protein light-harvesting complex II 
monitored by pulse epr. Proc. Natl. Acad. Sci. USA 106, 18485-18490. 
Drescher, M., Rooijen, B. D. v., Veldhuis, G., Subramaniam, V. and Huber, M. (2010) A 
stable lipid-induced aggregate of α-synuclein. J. Am. Chem. Soc. 132, 4080-4082. 
Edwards, Devin T., Huber, T., Hussain, S., Stone, Katherine M., Kinnebrew, M., Kaminker, 
I., Matalon, E., Sherwin, Mark S., Goldfarb, D. and Han, S. (2014) Determining the 
oligomeric structure of proteorhodopsin by Gd3+-based pulsed dipolar spectroscopy 
of multiple distances. Structure 22, 1677-1686. 
Fleissner, M. R., Brustad, E. M., Kálai, T., Altenbach, C., Cascio, D., Peters, F. B., Hideg, 
K., Peuker, S., Schultz, P. G. and Hubbell, W. L. (2009) Site-directed spin labeling 
of a genetically encoded unnatural amino acid. Proc. Natl. Acad. Sci. USA 106, 
21637-21642. 
Galiano, L., Bonora, M. and Fanucci, G. E. (2007) Interflap distances in HIV-1 protease 
determined by pulsed EPR measurements. J. Am. Chem. Soc. 129, 11004-11005. 
Garbuio, L., Bordignon, E., Brooks, E. K., Hubbell, W. L., Jeschke, G. and Yulikov, M. 
(2013) Orthogonal spin labeling and Gd(III)–nitroxide distance measurements on 
bacteriophage T4-lysozyme. J. Phys. Chem. B 117, 3145-3153. 
Georgieva, E. R., Ramlall, T. F., Borbat, P. P., Freed, J. H. and Eliezer, D. (2008) 
Membrane-bound α-synuclein forms an extended helix: long-distance pulsed ESR 
measurements using vesicles, bicelles, and rodlike micelles. J. Am. Chem. Soc. 130, 
12856-12857. 
Goldfarb, D. (2014) Gd3+ spin labeling for distance measurements by pulse EPR 
spectroscopy. Phys. Chem. Chem. Phys. 16, 9685-9699. 
20 
 
Grohmann, D., Klose, D., Klare, J. P., Kay, C. W. M., Steinhoff, H.-J. and Werner, F. (2010) 
RNA-binding to archaeal RNA polymerase subunits F/E: a DEER and FRET study. 
J. Am. Chem. Soc. 132, 5954-5955. 
Igarashi, R., Sakai, T., Hara, H., Tenno, T., Tanaka, T., Tochio, H. and Shirakawa, M. 
(2010) Distance determination in proteins inside Xenopus laevis oocytes by double 
electron−electron resonance experiments. J. Am. Chem. Soc. 132, 8228-8229. 
Jeschke, G., Bender, A., Paulsen, H., Zimmermann, H. and Godt, A. (2004) Sensitivity 
enhancement in pulse EPR distance measurements. J. Magn. Reson. 169, 1-12. 
Kaminker, I., Tkach, I., Manukovsky, N., Huber, T., Yagi, H., Otting, G., Bennati, M. and 
Goldfarb, D. (2013) W-band orientation selective DEER measurements on a 
Gd3+/nitroxide mixed-labeled protein dimer with a dual mode cavity. J. Magn. 
Reson. 227, 66-71. 
Kear, J. L., Blackburn, M. E., Veloro, A. M., Dunn, B. M. and Fanucci, G. E. (2009) 
Subtype polymorphisms among HIV-1 protease variants confer altered flap 
conformations and flexibility. J. Am. Chem. Soc. 131, 14650-14651. 
Kim, J., Seo, M.-H., Lee, S., Cho, K., Yang, A., Woo, K., Kim, H.-S. and Park, H.-S. (2013) 
Simple and efficient strategy for site-specific dual labeling of proteins for single-
molecule fluorescence resonance energy transfer analysis. Anal. Chem. 85, 1468-
1474. 
Kisseleva, N., Khvorova, A., Westhof, E. and Schiemann, O. (2005) Binding of 
manganese(II) to a tertiary stabilized hammerhead ribozyme as studied by electron 
paramagnetic resonance spectroscopy. RNA 11, 1-6. 
López, C. J., Fleissner, M. R., Brooks, E. K. and Hubbell, W. L. (2014) Stationary-phase 
EPR for exploring protein structure, conformation, and dynamics in spin-labeled 
proteins. Biochemistry 53, 7067-7075. 
Martorana, A., Bellapadrona, G., Feintuch, A., Di Gregorio, E., Aime, S. and Goldfarb, D. 
(2014) Probing protein conformation in cells by EPR distance measurements using 
Gd3+ spin labeling. J. Am. Chem. Soc. 136, 13458-13465. 
Matalon, E., Huber, T., Hagelueken, G., Graham, B., Frydman, V., Feintuch, A., Otting, G. 
and Goldfarb, D. (2013) Gadolinium(III) spin labels for high-sensitivity distance 
measurements in transmembrane helices. Angew. Chem. Int. Ed. 52, 11831-11834. 
21 
 
Meyer, V., Swanson, Michael A., Clouston, Laura J., Boratyński, Przemysław J., Stein, 
Richard A., McHaourab, Hassane S., Rajca, A., Eaton, Sandra S. and Eaton, 
Gareth R. (2015) Room-temperature distance measurements of immobilized spin-
labeled protein by DEER/PELDOR. Biophys. J. 108, 1213-1219. 
Park, S.-Y., Borbat, P. P., Gonzalez-Bonet, G., Bhatnagar, J., Pollard, A. M., Freed, J. H., 
Bilwes, A. M. and Crane, B. R. (2006) Reconstruction of the chemotaxis receptor-
kinase assembly. Nat. Struct. Mol. Biol. 13, 400-407. 
Persson, M., Harbridge, J. R., Hammarström, P., Mitri, R., Mårtensson, L.-G., Carlsson, U., 
Eaton, G. R. and Eaton, S. S. (2001) Comparison of electron paramagnetic 
resonance methods to determine distances between spin labels on human carbonic 
anhydrase II. Biophys. J. 80, 2886-2897. 
Potapov, A., Yagi, H., Huber, T., Jergic, S., Dixon, N. E., Otting, G. and Goldfarb, D. 
(2010) Nanometer-scale distance measurements in proteins using Gd3+ spin 
labeling. J. Am. Chem. Soc. 132, 9040-9048. 
Qi, M., Groß, A., Jeschke, G., Godt, A. and Drescher, M. (2014) Gd(III)-PyMTA label is 
suitable for in-cell EPR. J. Am. Chem. Soc. 136, 15366-15378. 
Raitsimring, A. M., Gunanathan, C., Potapov, A., Efremenko, I., Martin, J. M. L., Milstein, 
D. and Goldfarb, D. (2007) Gd3+ complexes as potential spin labels for high field 
pulsed EPR distance measurements. J. Am. Chem. Soc. 129, 14138-14139. 
Rashidian, M., Mahmoodi, M. M., Shah, R., Dozier, J. K., Wagner, C. R. and Distefano, M. 
D. (2013) A highly efficient catalyst for oxime ligation and hydrazone–oxime 
exchange suitable for bioconjugation. Bioconjugate Chem. 24, 333-342. 
Reginsson, G. W. and Schiemann, O. (2011) Pulsed electron-electron double resonance: 
beyond nanometre distance measurements on biomacromolecules. Biochem. J. 434, 
353-363. 
Sahu, I. D., McCarrick, R. M., Troxel, K. R., Zhang, R., Smith, H. J., Dunagan, M. M., 
Swartz, M. S., Rajan, P. V., Kroncke, B. M., Sanders, C. R. and Lorigan, G. A. 
(2013) DEER EPR measurements for membrane protein structures via bifunctional 
spin labels and lipodisq nanoparticles. Biochemistry 52, 6627-6632. 
Schiemann, O., Piton, N., Plackmeyer, J., Bode, B. E., Prisner, T. F. and Engels, J. W. 
(2007) Spin labeling of oligonucleotides with the nitroxide TPA and use of 
22 
 
PELDOR, a pulse EPR method, to measure intramolecular distances. Nat. Protoc. 2, 
904-923. 
Schmidt, M. J., Borbas, J., Drescher, M. and Summerer, D. (2014) A genetically encoded 
spin label for electron paramagnetic resonance distance measurements. J. Am. 
Chem. Soc. 136, 1238-1241. 
Seo, M.-H., Lee, T.-S., Kim, E., Cho, Y. L., Park, H.-S., Yoon, T.-Y. and Kim, H.-S. (2011) 
Efficient single-molecule fluorescence resonance energy transfer analysis by site-
specific dual-labeling of protein using an unnatural amino acid. Anal. Chem. 83, 
8849-8854. 
Wang, K., Sachdeva, A., Cox, D. J., Wilf, N. W., Lang, K., Wallace, S., Mehl, R. A. and 
Chin, J. W. (2014) Optimized orthogonal translation of unnatural amino acids 
enables spontaneous protein double-labelling and FRET. Nature Chem. 6, 393-403. 
Ward, R., Bowman, A., Sozudogru, E., El-Mkami, H., Owen-Hughes, T. and Norman, D. G. 
(2010) EPR distance measurements in deuterated proteins. J. Magn. Reson. 207, 
164-167. 
Weber, A., Schiemann, O., Bode, B. and Prisner, T. F. (2002) PELDOR at S- and X-band 
frequencies and the separation of exchange coupling from dipolar coupling. J. 
Magn. Reson. 157, 277-285. 
Wendeler, M., Grinberg, L., Wang, X., Dawson, P. E. and Baca, M. (2014) Enhanced 
catalysis of oxime-based bioconjugations by substituted anilines. Bioconjugate 
Chem. 25, 93-101. 
Yagi, H., Banerjee, D., Graham, B., Huber, T., Goldfarb, D. and Otting, G. (2011) 
Gadolinium tagging for high-precision measurements of 6 nm distances in protein 
assemblies by EPR. J. Am. Chem. Soc. 133, 10418-10421. 
Zhou, Z., DeSensi, S. C., Stein, R. A., Brandon, S., Dixit, M., McArdle, E. J., Warren, E. 
M., Kroh, H. K., Song, L., Cobb, C. E., Hustedt, E. J. and Beth, A. H. (2005) 
Solution structure of the cytoplasmic domain of erythrocyte membrane band 3 
determined by site-directed spin labeling. Biochemistry 44, 15115-15128. 
Zhou, Z., DeSensi, S. C., Stein, R. A., Brandon, S., Song, L., Cobb, C. E., Hustedt, E. J. 
and Beth, A. H. (2007) Structure of the cytoplasmic domain of erythrocyte band 3 
hereditary spherocytosis variant P327R: band 3 Tuscaloosa. Biochemistry 46, 
10248-10257. 
23 
 
3. Aspartate/glutamate binding protein 
3.1. ATP-binding cassette transporters 
ATP-binding cassette (ABC) transport systems are integral membrane proteins that 
constitute one of the largest protein superfamilies (Jones and George, 2004). ABC 
transporters are responsible for transporting molecules such as inorganic ions, 
carbohydrates, amino acids, peptides, hormones, vitamins, lipids across cell membranes 
utilizing the energy released from the hydrolysis of ATP. They are involved in cellular 
homeostasis and chemotaxis through nutrients uptake, toxins and metabolic by-products 
efflux and signal transduction (Higgins, 2001; Rees et al., 2009). 
ABC transporters (Figure 11) consist of a conserved core structure of two transmembrane 
domains (TMDs) which form the transmembrane channel that allows the passage of the 
substrates and two cytosolic ABCs known as nucleotide-binding domains (NBDs) which 
drive the passage of the substrates through ATP hydrolysis. In Gram-negative bacteria, the 
recognition of the specific ligand molecule and delivering it to the TMD requires additional 
auxiliary proteins present in the periplasmic space known as periplasmic binding proteins 
(PBPs) (Linton and Higgins, 1998). 
 
Figure 11. Molecular structure of the ATP-binding cassette (ABC) transport system. 
ABC transporters are composed of two transmembrane domains (TMD) and two 
nucleotide-binding domains (NBD), also known as ABC domains. The binding protein 
component that is required by importers is also shown. Two conformational states of the 
ABC transporter - outward facing and inward facing, with the substrate-binding site 
24 
 
orientated towards the periplasmic (extracellular) and cytoplasmic (intracellular) space, 
respectively - are depicted to show the alternating access mechanism of transport. 
[Reproduced from Rees et al., 2009] 
3.2. Periplasmic binding proteins 
Although members of the PBP family show different sizes, ligand specificity and low 
sequence similarity, PBPs are usually single-chain proteins (25-60 kDa), which consist of 
two globular domains connected by a hinge region, with a ligand-binding site located at the 
interface between the two domains. The PBP superfamily can be classified into two classes 
according to the number and order of -strands in each domain (Figure 12). Class I consists 
of six -strands such as the glucose/galactose binding protein (GBP), arabinose binding 
protein (ABP) and leucine binding protein (LBP). Class II consists of five -strands such as 
the maltose binding protein (MBP), oligopeptide binding protein (OPBP), histidine binding 
protein (HBP), glutamine binding protein (QBP) and aspartate/glutamate binding protein 
(DEBP) (Dwyer and Hellinga, 2004). 
 
Figure 12. The two structural classes of the PBP superfamily. The two classes differ in 
the number and order of  strands in each domain: class I, six  strands; class II, five 
strands. Ligands are shown as spheres. [Reproduced from Dwyer et al., 2004] 
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PBPs typically adopt two conformations (Figure 13): a ligand-free, open form and a 
liganded, closed form, which interconvert through bending of a hinge region upon ligand 
binding (De Lorimier et al., 2002). During the conformational transition from the open to 
the closed forms, the structures of the individual domains in the PBP remain mostly 
unchanged in both forms and only changes in their relative position and orientation are 
observed. Therefore, this transition can be regarded as a rigid-body-domain process 
(Pistolesi et al., 2011). 
 
Figure 13. Crystal structures showing open and closed conformations adopted by 
PBPs. a) Ligand-free, open form of the maltose binding protein (MBP; PDB ID: 1OMP) 
(Sharff et al., 1992); b) closed form of MBP bound to maltotriose (PDB ID: 3MBP) 
(Quiocho et al., 1997); c) ligand-free, open form of the lysine/arginine/ornithine-binding 
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protein (LAO; PDB ID: 2LAO) (Oh et al., 1993); d) closed form of LAO bound to L-
ornithine (PDB ID: 1LAH) (Oh et al., 1994); e) ligand-free, open form of the glutamine-
binding protein (QBP; PDB ID: 1GGG) (Hsiao et al., 1996); f) closed form of QBP bound 
to L-glutamine (PDB ID: 1WDN) (Sun et al., 1998). Ligands are shown as spheres. 
3.3. PBP-ligand binding process 
The ligand binding process in PBPs can be explained by two models: a population shift 
model and an induced fit model (Pistolesi et al., 2011). In the population shift model, the 
PBP alternates between the open and the closed states in the absence of its ligand where the 
open state predominates, whereas in the presence of the ligand, the closed state is favoured, 
leading to a shift of the equilibrium to the closed state. This model could be supported by 
the observation of closed unliganded X-ray structures for GBP (Flocco and Mowbray, 
1994) and the choline/acetylcholine binding protein (ChoX) (Figure 14) (Oswald et al., 
2008). Wolf et al. (1994) showed that the closed-unliganded conformation of HBP could be 
trapped using conformation-specific monoclonal antibodies in solution. 
 
Figure 14. Structural superimposition of the liganded-closed and the unliganded-
closed state of choline/acetylcholine binding protein (ChoX). The liganded-closed state 
is colored in blue (PDB ID: 2REG) while the unliganded-closed state is coloured in red 
(PDB ID: 2RF1). Choline is shown as spheres. The two states are almost perfectly 
superimposable with an all-atom root mean square deviation (RMSD) of 0.6 Å. 
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On the other hand, the induced fit model assumes that the PBP adopts only the open state in 
the absence of the ligand until the ligand binds to the PBP and triggers the interdomain 
motion and the formation of the closed state (Mao et al., 1982). Evidence for this model 
comes from studying the X-ray structures of different PBPs, which suggest a triggering 
mechanism for the interdomain motion through hydrogen bond interactions (direct or 
indirect) between the ligand and the hinge region. The induced fit model was observed in 
QBP where no closed-unliganded conformation could be detected using the paramagnetic 
relaxation enhancement (PRE) technique, which is used to detect lowly populated 
conformations (Bermejo et al., 2010). 
3.4. Aspartate/glutamate binding protein (DEBP) 
Aspartate/glutamate binding protein (DEBP) is a 279 residue (∼32 kDa) periplasmic 
binding protein responsible for the transport of aspartic acid and glutamic acid across the 
cell membrane. DEBP binds L-glutamate and L-aspartate with high affinity with 
dissociation constants of 1.6 and 5.2 μM, respectively (Hu et al., 2008). In 2008, the high-
resolution crystal structure of the closed conformation of Shigella flexneri DEBP 
complexed with L-glutamate was determined. The crystal structure (Figure 15) revealed 
that DEBP has a typical class II PBP structure. DEBP folds into a large domain and a small 
domain designated as domains I and II, respectively. Each domain consists of five -
strands. The two domains are connected by two -strands, which act as a hinge for 
conversion between open and closed conformations upon ligand binding. A disulfide bond 
is formed between Cys88 and Cys213 (Hu et al., 2008). To date, no information is available 
regarding the structure of the open conformation of DEBP or the process of ligand binding. 
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Figure 15. Structure of the liganded-closed DEBP. Domains I and II are coloured blue 
and red, respectively. The two β-strands that connect the two domains are coloured yellow. 
The bound L-glutamate molecule is shown as spheres. 
DEBP has attracted intense interest for the design of biosensors of glutamate concentration, 
as glutamate plays an important role as a neurotransmitter and key metabolite (De Lorimier 
et al., 2002). DEBP was successfully used to determine glutamate concentrations in neurons 
by fusing E. coli DEBP with cyan and yellow fluorescent proteins, and subsequently 
measuring the concentration-dependent change in FRET efficiency (Okumoto et al., 2005; 
Hires et al., 2008; Marvin et al., 2013). A drawback of constructing this type of fluorescent 
biosensors is the need for the optimization of both the insertion site of the fluorescent 
proteins in the binding protein and the composition of the linker residues that join the two 
proteins, which requires high-throughput screening of different mutants. 
3.5. Research objectives 
The present thesis aimed to use DEER distance measurements first to use the available 
crystal structure of a homologue of DEBP in complex with glutamate to establish the 
positions of the Gd-tags with respect to the individual domains of the protein and second to 
use the Gd positions thus established to explore the conformation of the protein in the 
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absence of glutamate, for which there is no crystal structure (Paper 1). Subsequently, the 
Gd positions proved useful for the interpretation of PCS data generated with different 
lanthanides and measured by NMR spectroscopy (Paper 2). 
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4. Interactions of calmodulin with the binding domain of the 
myristoylated alanine-rich C kinase substrate 
4.1. Introduction 
Calmodulin (CaM) is a 148 residue, ubiquitous, highly conserved protein present in 
eukaryotic cells. CaM is an intermediate messenger protein that plays an important role in 
many calcium-dependent cellular processes by acting as an intracellular calcium sensor that 
detects changes in Ca2+ concentrations and transduces these changes to signalling pathways 
that regulate many vital processes including growth, movement and proliferation (Crivici 
and Ikura, 1995; Chin and Means, 2000). 
CaM contains four EF-hand-type Ca2+-binding sites, each of which binds a calcium ion 
with high affinity (Kd 10-5-10-6 M). As a result of calcium binding, CaM undergoes 
conformational changes that enable binding to target proteins. Target proteins include 
several CaM-dependent protein kinases (CaMK), myosins, receptors, ion channels and a 
number of other proteins. Binding is with high affinity (Kd 10
-7-10-11 M) (Crivici and Ikura, 
1995; Kursula, 2014).  
4.1.1. Structural aspects of CaM 
The crystal structure of CaM with four bound Ca2+ ions (CaM-Ca4) (Figure 16) shows two 
globular domains (N- and C-terminal; also called N- and C-lobe), with each domain 
containing two EF-hands. The domains are connected by a linker helix (Chin and Means, 
2000). The Ca-binding sites (III and IV) of the C-terminal domain show a 10-fold higher 
calcium binding affinity than the sites of the N-terminal domain (I and II) (VanScyoc et al., 
2002). Methionine plays an essential role in the ability of CaM to bind target proteins by 
forming a Met-rich hydrophobic surface in each domain which form van der Waals 
interactions with specific anchor residues in the bound peptide segments of the target 
proteins. In the absence of Ca2+, the two domains form a highly distorted bundle in which 
the methionine residues are almost completely buried. Upon Ca2+ binding, the methionine 
residues move from the buried state to a fully exposed state, making the Met-rich 
hydrophobic surfaces solvent-accessible (Kuboniwa et al., 1995; Yuan et al., 1999). 
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In the absence of a CaM binding protein, crystal structures of CaM-Ca4 display either an 
open, extended conformation, where the two globular domains are widely separated by a 
long, exposed helix, or a closed compact conformation, where the linker helix shows a 
sharp bend with a more contracted N-terminal domain (Chattopadhyaya et al., 1992; Fallon 
and Quiocho, 2003). This suggests the presence of an equilibrium between different 
conformational states in solution (Wilson and Brunger, 2000). Moreover, studies of the 
effect of changes in the length and rigidity of the linker on the inter-domain association 
suggest that transient compact states adopted by CaM-Ca4 in the absence of a binding 
peptide facilitate target binding (Anthis and Clore, 2013). 
 
Figure 16. Crystal structures of calcium-loaded CaM (CaM-Ca4). a) Structure of the 
open, extended conformation showing the N-terminal domain (blue) and the C-terminal 
domain (red), each containing two EF-hand Ca2+-binding sites. The domains are connected 
by the linker helix (green) (PDB ID: 1CLL) (Chattopadhyaya et al., 1992). b) Structure of 
the closed, compact conformation (PDB ID: 1PRW) (Fallon and Quiocho, 2003). The four 
Ca2+ ions are represented by magenta spheres. 
35 
 
4.1.2. Sequence motifs for CaM recognition 
There are more than 300 proteins that have been experimentally shown to bind CaM. Their 
CaM-binding sites (CaMBS) show no clear consensus sequence (Yap et al., 2000). 
However, CaMBS usually share some specific features such as a net positive charge in the 
binding region, a tendency for helix formation and two hydrophobic anchor residues spaced 
by a certain number of residues. The distance between the anchor residues can be used to 
classify CaMBS into several motifs (Table 1). Most of the CaMBS have their anchor 
residues at 1-10 or 1-14 positions. There are some exceptions, however, including the 
myristoylated alanine-rich C-kinase substrate protein (MARCKS), in which the two anchor 
residues are separated by only a single residue (Crivici and Ikura, 1995; Rhoads and 
Friedberg, 1997; Tidow and Nissen, 2013). 
On the other hand, some proteins can bind CaM in its Ca2+-free (apo) form. These proteins 
contain a sequence referred to as ‘IQ-motif’. The conformations of CaM in IQ domain 
complexes vary with calcium binding to the four EF hands (Rhoads and Friedberg, 1997; 
Black and Persechini, 2011). 
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Table 1. Overview of some representative examples of CaM-binding sites (CaMBS). 
Target protein Binding mode Motifa PDB ID 
CaM-dependent 
protein kinase I 
(CaMKI) 
1-(10)-14 KSKWKQAFNATAVVRHM 1MXE (Clapperton 
et al., 2002) 
CaM-dependent 
protein kinase II 
(CAMKII) 
1-5-10 RRKLKGAILTTMLATRNF 1CDM (W. E. 
Meador et al., 
1993) 
Ca2+/CaM-
dependent kinase 
kinase (CaMKK) 
1-10-16 IPSWTTVILVKSMLRKRSFG 1CKK (Osawa et 
al., 1999) 
Voltage-gated 
calcium channel 
Cav1.2 
IQb (1-10) FYATFLIQEYFRKFKKR 2BE6 (Van 
Petegem et al., 
2005) 
Myosin light 
chain kinase 
(MLCK) 
1-14 RKWQKTGHAVRAIGRLSS 1CDL (W. Meador 
et al., 1992) 
Transient 
receptor 
potential 
vanilloid 1 
(TRPV1) 
1-10 RNWKNFALVPLLRDAST 3SUI (Lau et al., 
2012) 
Death-associated 
protein kinase 
(DAPK) 
1-14 KKWKQSVRLISLCQRLSR 2X0G (de Diego et 
al., 2010) 
DAPk-related 
protein 1 
(DRP-1) 
1-14 RRWKLSFSIVSLCNHLTR 1WRZ 
Myristoylated 
alanine-rich C-
kinase substrate 
(MARCKS) 
1-3 KKSFKLSGFSFKK 1IWQ (Yamauchi 
et al., 2003) 
a anchor residues are shown in red. 
b IQ domains are defined by the consensus sequence (I/L/V)QXXXRXXXX(R/K) 
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4.1.3. Interaction of MARCKS with CaM 
MARCKS is a major protein substrate of protein kinase C (PKC) in nervous and 
macrophage cells, which is essential for the development of the central nervous system 
through involvement in the regulation of the cell cycle, transformation and cell motility. 
MARCKS is a membrane-associated myristoyl-protein containing a CaM-binding domain 
that binds CaM-Ca4 with high affinity (Kd ≈ 3 nM). Binding can be reversed by PKC-
dependent phosphorylation of specific serine residues present in the same domain (Aderem, 
1992; Blackshear, 1993; Stumpo et al., 1995). MARCKS is thought to act as a reservoir for 
CaM in cells in states of PKC inactivity, with CaM release from membranes effected by 
PKC activation (Blackshear, 1993; Gallant et al., 2005). 
Previously, MARCKS was considered to bind to CaM using a 1-10 motif because of the 
positions of two hydrophobic anchor residues (Phe153 and Phe162) in its binding sequence 
(Rhoads and Friedberg, 1997). Yamauchi et al. (2003) published the crystal structure of the 
CaM-binding domain of MARCKS bound to CaM-Ca4, which showed that the backbone 
conformation of the N-lobe and C-lobe residues of CaM remain essentially unchanged upon 
binding to MARCKS peptide (Figure 17). No electron density was observed for the 
residues in the flexible linker of CaM, suggesting that the linker is disordered, which is a 
common characteristic of globular CaM-target peptide complexes. 
On the other hand, the MARCKS peptide showed a distinct binding mode compared with 
other globular CaM-target peptide complexes (Figure 17). Unexpectedly, the MARCKS 
peptide adopts an elongated structure, with only a short one-turn helix surrounded by two 
loops, unlike other target peptides which form a longer helix. Moreover, the two 
hydrophobic anchor residues in the MARCKS peptide (Phe157 and Leu159) are separated 
by only one residue. Phe157 interacts with many hydrophobic residues present in the 
hydrophobic pocket of the CaM C-lobe, while Leu159 interacts only with the hydrophobic 
surface of the N-lobe. Finally, there is no pronounced hydrophobic pocket in the CaM N-
lobe due to a slight shift of one of the helices forming the second EF-hand, so that the 
MARCKS peptide interacts with the hydrophobic surface of the CaM N-lobe without 
involvement of any anchor residue (Yamauchi et al., 2003). 
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Figure 17. Comparison of the MARCKS-CaM complex with other globular CaM–
target peptide complexes. The N- and C-lobes of CaM are shown in blue and red, 
respectively, while the target peptides are shown in yellow. Ca2+ ions are shown as magenta 
spheres. The side chains of hydrophobic anchor residues of the target peptides are shown as 
sticks. CaM-target peptide complexes: MARCKS (PDB ID: 1IWQ), MLCK (PDB ID: 
1CDL), CAMKII (PDB ID: 1CDM) and Cav1.2 (PDB ID: 2BE6). 
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4.1.4. Investigation of CaM structure using paramagnetic NMR 
The intrinsic ability of CaM to bind Ca2+ ions makes it an attractive target for structural 
studies using paramagnetic NMR. By altering the metal binding properties of the Ca2+-
binding sites in the EF-hands, substitution of one or more lanthanides into the Ca2+-binding 
sites has been achieved (Bertini et al., 2003). One particular mutant, CaM N60D, showed 
selective lanthanide binding at site II of the N-lobe, even in the presence of excess calcium, 
with little or no non-specific binding. Therefore, CaM samples containing only three of the 
four Ca2+ ions and one lanthanide ion (CaM-Ca3Ln) are particularly suited for studies of 
CaM and CaM-target peptide complexes by paramagnetic NMR. 
Bertini et al. (2004) used the CaM N60D mutant to study the dynamics of the two domains 
in solution. They measured pseudocontact shifts (PCSs) and residual dipolar couplings 
(RDCs) using Tb3+- and Tm3+-substituted samples and used them as constraints to search 
the conformational space of CaM. They concluded that the C-terminal domain resides 
within a wide elliptical cone tilted by ≈ 30° relative to the N-terminal domain, which was 
taken as the reference. Neither the extended conformation of free CaM-Ca4 nor the closed 
conformations adopted by CaM-Ca4 either alone or in CaM-target peptide complexes 
observed in crystal structures were among the most preferred conformations. 
Bertini et al. (2009) applied the same approach to study the structures of CaM in complex 
with two CaM-binding peptides, DAPK and DRP-1. Starting from the crystal structures of 
the complexes, the measured PCSs and RDCs were used as restraints to refine the crystal 
structures. The results showed that a single refined structural model could fulfil the 
measured paramagnetic data, but it was not possible to rule out data averaging between 
multiple conformations with different domain orientations. The presence of multiple 
conformations was further explored by Russo et al. (2013) in a study of the complex of 
CaM with the IQ-motif of Cav1.2. Using an ensemble-based approach, the results indicated 
that four molecular dynamics (MD) models combined with three conformers detected in the 
crystal structure are required to fully explain the paramagnetic data. 
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4.1.5. Research objectives 
In the present work, we studied the conformational changes of CaM upon binding of the 
MARCKS peptide using a combination of DEER distance measurements and PCS 
measurements. MARCKS was chosen due to its unusual 1-3 binding mode. A direct 
comparison between different binding modes was afforded by the comparison of PCSs 
measured for the complex with MARCKS with the PCS data published previously for other 
globular CaM-target peptide complexes. 
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4.2. Materials and Methods 
15NH4Cl, [U-
13C] glucose, 15N-alanine, 15N-methionine and 15N-valine were purchased from 
Cambridge Isotope Laboratories (Andover, MA). MARCKS peptide (residues 151-175, 
KKKKKRFSFKKSFKLSGFSFKKNKK) was purchased from AnaSpec (Fremont, CA) and 
GenScript (Piscataway, NJ). 
The wild-type gene (AAD45181.1) of human CaM was cloned into the pETMCSI vector 
(Neylon et al., 2000) with an N-terminal His6 tag followed by a tobacco etch virus (TEV) 
protease recognition site (Figure 18). 
 
 
Figure 18. Amino acid sequence of the human CaM construct used. The TEV cleavage 
site is underlined. Residues of the N-terminal domain are identified by a blue bar above the 
amino acid sequence and residues of the C-terminal domain by a red bar. The locations of 
the cysteine mutations introduced are highlighted in yellow and the N60D mutation is 
highlighted in green. 
4.2.1. DEER sample preparations 
CaM mutants were produced with two cysteine residues at specific positions, or a single 
cysteine residue combined with the N60D mutation, using PCR to introduce the requisite 
codons at the respective sites, followed by a second round of PCR to amplify the DNA with 
eight-nucleotide overhangs suitable for protein production by cell-free synthesis (Wu et al., 
2007). The following 12 CaM mutants were prepared: T34C/A103C, T34C/T110C, 
T34C/E119C, T44C/A103C, T44C/T110C, T44C/E119C, N53C/A103C, N53C/T110C, 
N53C/E119C, N60D/A103C, N60D/T110C and N60D/E119C. The mutation primers are 
listed in Table 2. Each cell-free reaction was conducted at 30 C for 16 h in a dialysis 
system with 3 mL inner reaction mixture and 30 mL outer buffer following a published 
protocol (Apponyi et al., 2008). 
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The proteins were purified using a 1 mL Ni-NTA column (GE Healthcare, USA) according 
to the manufacturer’s protocol. Afterwards, the N-terminal His6 tag was removed by 
incubation with His6-tagged TEV protease (Cabrita et al., 2007) at 4 C for 16 h in a buffer 
of 25 mM Tris-HCl, 500 mM sodium chloride, 2 mM 2-mercaptoethanol, pH 8. The 
cleaved His6 tag and the TEV protease were separated from CaM by running the mixture 
again over a Ni-NTA column. Finally, the protein samples were dialyzed against 50 mM 
sodium phosphate, pH 8 at 4 C and then concentrated using an Amicon ultrafiltration 
centrifugal tube with a molecular weight cutoff of 10 kDa. The average yield was about 2 
mg of purified protein per mL cell-free reaction mixture (inner buffer). 
Table 2. Nucleotide sequences of the mutation primers used in this study 
Mutation 
site 
Primer Sequence 
T34C 
Forward  5`-GGAACTGGGCTGCGTCATGCGTAGCCTGGG-3` 
Reverse  5`-CTACGCATGACGCAGCCCAGTTCCTTCGTGG-3` 
T44C 
Forward  5`-CAGAACCCGTGCGAAGCAGAACTGCAAGAC-3` 
Reverse  5`-GTTCTGCTTCGCACGGGTTCTGACCCAGGC-3` 
N53C 
Forward  5`-GACATGATTTGCGAAGTGGACGCTGATGGC-3` 
Reverse  5`-GTCCACTTCGCAAATCATGTCTTGCAGTTC-3` 
N60D 
Forward  5`-GCTGATGGCGATGGTACCATCGATTTTCCG-3` 
Reverse 5`-GATGGTACCATCGCCATCAGCGTCCACTTC-3` 
A103C 
Forward  5`-ATCTCTGCGTGCGAACTGCGTCATGTGATG-3` 
Reverse  5`-ACGCAGTTCGCACGCAGAGATATAACCGTTG-3` 
T110C 
Forward  5`-CATGTGATGTGCAATCTGGGCGAAAAGCTG-3` 
Reverse  5`-GCCCAGATTGCACATCACATGACGCAGTTC-3` 
E119C 
Forward  5`-CTGACGGACTGCGAAGTTGATGAAATGATC-3 
Reverse  5`-ATCAACTTCGCAGTCCGTCAGCTTTTCGCC-3` 
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4.2.2. Protein ligation with the C1-Gd3+ tag 
0.1 mM CaM solutions in 50 mM sodium phosphate, pH 8, were reduced with 5 mM 
dithiothreitol (DTT) and the DTT was washed out using an Amicon ultrafiltration 
centrifugal tube with a molecular weight cutoff of 10 kDa. The reduced protein solution 
was added slowly into a solution of 5 equivalents of C1-Gd3 in the same buffer and kept 
overnight at room temperature. Complete tagging of the samples was confirmed using mass 
spectrometry. 
4.2.3. Sample preparations for EPR 
After the tagging reaction, the protein samples were concentrated and exchanged to EPR 
buffer (20 mM Tris.HCl, 200 mM KCl in D2O, pD 8.8, uncorrected pH meter reading) 
using an Amicon ultrafiltration centrifugal tube (10 kDa molecular weight cutoff), and 
perdeuterated glycerol was added to a final concentration of 20% (v/v) to reach a final 
protein concentration of 70 M. In all mutants CaCl2 was added to a final concentration of 
350 M, except for N60D/A103C, N60D/T110C and N60D/E119C where both CaCl2 and 
GdCl3 were added to a final concentration of 210 M and 70 M, respectively. To form the 
CaM-MARCKS complex, MARCKS peptide was added in 4-fold excess. 
4.2.4. DEER measurements 
All measurements were performed on a W-band (95 GHz) home-built EPR spectrometer 
(Goldfarb et al., 2008). DEER data were recorded at 10 K with the four-pulse sequence 
(Pannier et al., 2000), using a value t ranging from 1 =  - 225 ns to 1 - 500 ns. The 
frequency separation of the pump pulse (pump) and the observer pulses (obs) was Δ = 100 
MHz. The pump pulse was set to the frequency corresponding to the maximum of the EPR 
spectrum (94.9. GHz). The length of the pump pulse, tpump, was 15 ns, the length of the π/2 
observer pulse, tobserver, π/2, was 15 ns, and the length of the π observer pulse, tobserver, π, was 
30 ns. The delay time 1 was 350 ns and the repetition time was 800 μs. Full transient echo 
traces were collected for each t value in the DEER sequence and the echo integration was 
carried out after data collection. The integration gate was chosen to obtain the best signal-
to-noise ratio and usually was found to be equal to the echo's full width at half height. Data 
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analysis was carried out with DeerAnalysis (Jeschke et al., 2006) and Tikhonov 
regularization. 
4.2.5. NMR sample preparation 
The CaM N60D mutant was cloned into the pETMCSI vector and the plasmid was 
transformed into E. coli BL21(DE3) grown at 37 C in the presence of 100 g/mL 
ampicillin. For the uniformly 15N- or 13C/15N-labelled samples, 1 L of LB medium 
containing 100 g/mL ampicillin was inoculated with 10 mL of an overnight culture. After 
growing to an OD600 of 0.8, the cultures were changed to 500 mL minimal medium 
containing 0.1% 15NH4Cl as the sole nitrogen source, or 1% [U-
13C] glucose and 0.1% 
15NH4Cl as the sole carbon and nitrogen sources. Following incubation at 37 C for another 
1-2 h, overexpression was induced with 1 mM isopropyl--D-thiogalactopyranoside 
(IPTG). The cultures were harvested after overnight expression (about 16 h) at 25 C by 
centrifugation. Pellets were resuspended in buffer A (20 mM HEPES buffer, pH 7.5, 300 
mM NaCl, 5% glycerol, 20 mM imidazole) and the cells were lysed using a French press at 
12,000 psi. The cell lysates were centrifuged for 1 h at 34,000 g. The supernatant was 
loaded onto a 5 mL Ni-NTA column (GE Healthcare, USA) and the protein was eluted with 
buffer B (same as buffer A but containing 500 mM imidazole). The fractions were analyzed 
by 12% SDS-PAGE. Fractions containing protein were pooled and the N-terminal His6 tag 
was removed by incubation with TEV protease as mentioned before. Finally, the protein 
samples were dialyzed against NMR buffer (30 mM HEPES buffer, pH 6.8, 200 mM KCl) 
at 4 C and then concentrated using an Amicon ultrafiltration centrifugal tube with a 
molecular weight cutoff of 10 kDa. 
In addition, a CaM N60D sample selectively labelled with 15N-alanine, 15N-methionine and 
15N-valine was prepared for PCS measurement. The same cell-free protocol was used as for 
the DEER mutants above, except that each cell-free reaction was conducted with 2 mL 
inner reaction mixture and 20 mL outer buffer with 1 mM 15N-alanine, 15N-methionine and 
15N-valine present in both inner and outer buffers. 
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4.2.6. NMR spectroscopy 
All NMR spectra were recorded in 3 mm tubes at 25 C on 600 MHz and 800 MHz Bruker 
Avance NMR spectrometers equipped with TCI cryoprobes. In all experiments, the 
concentration of 15N-labelled or 15N,13C-labelled CaM N60D were 500 M and the 
backbone resonance assignments of CaM N60D were confirmed using HNCA and 
HN(CO)CA spectra. For the CaM-Ca3Ln samples (Ln = Y, Tb and Tm), CaCl2 and LnCl3 
were added to reach a final concentration of 1.5 mM and 500 M, respectively. For CaM-
MARCKS samples, MARCKS peptide was added in 5-fold excess. PCS values were 
measured in the 1H dimension of the 15N-HSQC spectra. 
4.2.7. Δχ tensor fits 
The experimental PCS values measured for CaM N60D-MARCKS peptide complex were 
used to fit the magnetic susceptibility anisotropy (Δχ) tensors to the crystal structure of the 
CaM-MARCKS peptide complex (1IWQ) using the program Numbat (Schmitz et al., 
2008). The Ca2+ ion coordinates at site II of the crystal structure were used to restrain the 
metal position during the tensor fits. 
4.2.8. Modelling of C1-Gd3+ 
The distance distributions were modelled using the crystal structures of the free CaM-Ca4 
(1CLL) and CaM-MARCKS complex (1IWQ). To predict the Gd3+-Gd3+ distances for the 
spin-labelled mutants, the tag was crafted onto the cysteine residues placed at the specified 
positions. At each position, a rotamer distribution was generated for the tag by randomly 
altering the dihedral angles of the bonds present in the linker, allowing free rotation around 
the N-C bonds while restricting the sampling to staggered conformations around C-C bonds 
and using dihedral angles of -90 or 90 for the S-S and C-S bonds. The variable dihedral 
angles were allowed to vary within an uncertainty range of ±10. Dihedral angles were 
varied only for those bonds in the linker that are between the protein backbone and the first 
group coordinating the lanthanide. Therefore, the lanthanide ion in the tag was always 
assumed to be coordinated by the amide oxygen of the tether and the amide bond in the tag 
was assumed to be planar. The protein coordinates were kept fixed, and conformers with 
steric clashes between the tag and the protein were eliminated. A steric clash was defined as 
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an inter-atom distance of less than 2.25 Å. The same probability was assigned to each 
rotamer fulfilling these criteria. To graph the Gd3+-Gd3+ distance distributions, the metal 
coordinates were extracted from each rotamer library and used to calculate the pairwise 
distances for the corresponding mutant. 
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4.3. Results and Discussion 
4.3.1. Analysis of the CaM-MARCKS complex using DEER distance measurements 
Nine CaM mutants, each labelled with a pair of C1-Gd3+ tags, and three CaM N60D 
mutants singly labelled with a C1-Gd3+ tag were prepared and subjected to W-band Gd3+-
Gd3+ DEER distance measurements at 10 K. Figures 19 and 20 gives a summary of the 
DEER data and their analysis. 
 
Figure 19. Normalized DEER traces after background subtraction, showing the fits 
obtained by Tikhonov regularization. Traces recorded of free CaM are shown in black 
and traces of the CaM-MARCKS complex are shown in red. The modulation depth was 
between 3–6% in all samples, indicating similar ligation yields throughout. 
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Figure 20. DEER distance distributions obtained by Tikhonov regularization. Data of 
free CaM and of the CaM-MARCKS complex are shown in black and red, respectively. 
The dashed traces represent the distance distributions predicted from the crystal structures 
(1CLL for free CaM (Chattopadhyaya et al., 1992) and 1IWQ for the CaM-MARCKS 
complex (Yamauchi et al., 2003)). The predicted distance distributions appear noisy in the 
case of the N60D mutant, because it positions one of the Gd3+ ions in one of the Ca2+ 
binding sites of the N-terminal domain, where it was assumed to be immobile. 
The results showed that the experimental distance distributions in both free CaM and in the 
CaM-MARCKS complex are very broad, containing multiple peaks of different height and 
widths. In general, the distance distributions indicate the presence of an equilibrium 
between at least two major populations of conformations in free CaM, one with a longer 
distance (open, higher relative abundance) while the other has a shorter distance 
distribution (closed, lower relative abundance). Upon addition of the MARCKS peptide and 
formation of the CaM-MARCKS complex, the equilibrium is shifted towards the closed 
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conformations. Moreover, the closed conformations in the presence of MARCKS appear to 
be quite different from the closed conformations in free CaM. 
Out of the twelve mutants prepared, the three CaM N60D mutants showed somewhat 
narrower distance distributions compared with the doubly tagged mutants. This may be 
attributed to the immobilization of one of the Gd3+ ions at site II, leaving only the flexibility 
of a single tag to contribute to the width of the distance distribution. 
The results of the modelling of the C1-Gd3+ tag on the crystal structures of free CaM and 
the CaM-MARCKS complex are also shown in Figure 20. Generally, the modelling results 
show a poor fit to the experimental data, suggesting that the structure of the CaM-
MARCKS complex in solution is different from the published crystal structure. Further 
analysis of mutants N53C/A103C, N53C/T110C, N53C/E119C, N60D/A103C, 
N60D/T110C and N60D/E119C, which have the least complicated DEER traces, showed 
differences ranging from 1.8 to 10.1 Å between the measured and calculated maxima of the 
distance distributions (Table 3). 
Table 3. Difference between the measured and calculated maxima of Gd3+-Gd3+ distance 
distributions of the CaM-MARCKS complex (Å) 
Site 53 60 
103 -3.8 +  1.8 
110 -3.8 +10.1 
119 +2.5 +  5.6 
 
The flexibility and dynamic nature of CaM is apparent in the measured distance 
distributions. The DEER results suggest that the binding of MARCKS peptide to CaM 
occurs by a conformational selection process. In the peptide-free state, CaM exists in an 
equilibrium between open and closed states. Upon binding of MARCKS peptide, there is an 
overall shift towards the closed state, but more than a single closed conformation exists and 
not all conformations appear to be closed. The results on free CaM are in agreement with 
the results published by Bertini et al. (2004), who showed, using PCSs and RDCs as 
constraints to search the conformational space of free CaM, that none of the structures 
reported by crystal structures, i.e. neither the extended conformation of free CaM nor the 
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closed conformations adopted by CaM either alone or in complex with target peptides, are 
among the most preferred conformations 
It is instructive to map the differences between the measured and calculated maxima of the 
Gd3+-Gd3+ distance distributions on the crystal structure of the CaM-MARCKS complex 
(1IWQ; Figure 21). Only the results from mutants N53C/A103C, N53C/T110C, 
N53C/E119C, N60D/A103C, N60D/T110C and N60D/E119C are shown as their DEER 
data showed distinct peaks corresponding to open and closed states. The mapping indicates 
that the CaM-MARCKS complex adopts a somewhat less closed conformation than the 
crystal structure, with a slight outward twist of the C-lobe relative to the N-lobe. This 
conformation could be explained if the MARCKS peptide interacts predominantly with the 
surface of the N-lobe due to the absence of the anchor residue in the MARCKS peptide 
(Yamauchi et al., 2003). 
 
Figure 21. Mapping of the differences between the measured and calculated maxima 
of the Gd3+-Gd3+ distance distributions. The N- and C-lobes of CaM are shown in blue 
and red, respectively, and the MARCKS peptide is shown in yellow (PDB ID: 1IWQ). Gd3+ 
ions are shown as magenta spheres. C1 tags are represented as sticks. Distance changes are 
shown in Å. 
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4.3.2. Study of the CaM-MARCKS complex using paramagnetic NMR 
PCSs were observed when Tb3+ or Tm3+ were added to the CaM N60D mutant. Figure 22 
shows the results for both uniformly 15N-labelled CaM N60D and selectively 15N-alanine, 
15N-methionine and 15N-valine-labelled CaM N60D loaded with either diamagnetic Y3+ or 
paramagnetic Tb3+ or Tm3+ in the presence of MARCKS peptide. 
In total, 28 PCSs were measured for the Tb3+ sample (8 for the N-lobe and 20 for the C-
lobe) and 32 PCSs were measured for the Tm3+ sample (13 for the N-lobe and 19 for the C-
lobe) (Table 4). 
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Figure 22. Superimposition of 15N-HSQC spectra of 500 M solutions of CaM N60D 
with MARCKS peptide. All spectra were recorded at 25 C in a 30 mM HEPES buffer, 
pH 6.8, 200 mM KCl. The concentrations of CaM N60D, MARCKS peptide, CaCl2 and 
LnCl3 were 500 M, 2.5 mM, 1.5 mM and 500 M, respectively. The NMR experiments 
and the backbone resonance assignments of CaM N60D were performed by Dr Xuejun Yao. 
(a) Uniformly 15N-labelled CaM N60D. (b) Selectively 15N-alanine, 15N-methionine and 
15N-valine-labelled CaM N60D. Spectra with diamagnetic Y3+ are in black, and with 
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paramagnetic Tb3+ and Tm3+ in blue and red, respectively. Selected sets of cross-peaks in 
the diamagnetic and paramagnetic samples are connected by lines and labelled with their 
resonance assignment.  
Table 4. PCSs measured for backbone amide protons of CaM N60D in complex with 
MARCKS peptide in the presence of Tb3+ or Tm3+. 
Residue Tb3+ Tm3+ 
Thr5 0.83 -0.72 
Glu6 1.06 -0.64 
Glu7 1.13 -0.69 
Glu11 1.13 -0.70 
Lys13  -1.03 
Leu18 0.60  
Gly23 0.60 -0.79 
Thr34  1.43 
Met36 -2.62 2.00 
Asn42 -1.05 0.83 
Glu45  0.61 
Ala46  0.51 
Glu47  1.16 
Leu48  1.86 
Arg90 -0.37 0.18 
Val91 -0.18 0.08 
Gly96 -0.17 0.08 
Gly98 -0.13 0.10 
Ile100 -0.15 0.09 
Ser101 -0.14 0.09 
Ala102 -0.14 0.10 
Ala103 -0.16 0.11 
Thr117 -0.02 0.02 
Asp118 -0.04 0.02 
Val121 -0.01  
Met124 -0.09 0.07 
Ile130 -0.10 0.06 
Asp131 -0.08 0.15 
Asp133 -0.08 0.05 
Gly134 -0.09 0.03 
Gln135 -0.09 0.06 
Val136 -0.18 0.13 
Asn137 -0.11 0.12 
Gln143 -0.20 0.06 
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tensors were determined using Numbat (Schmitz et al., 2008), using the PCSs measured 
for the N-lobe of CaM N60D in complex with MARCKS loaded with Tb3+ or Tm3+, and the 
crystal structure of the CaM-MARCKS complex 1IWQ (Table 5). The large tensor 
magnitudes obtained with small quality factors highlight the immobilization of the metal 
ions at site II. 
Table 5. parameters determined for CaM N60D in complex with MARCKS peptide 
calculated from N-lobe PCSs.a 
 Tb3+ Tm3+ 
ax/(10
-32 m3) 54.0 (5.4) 27.5 (9.1) 
rh/(10
-32 m3) 12.6 (6.9) 11.0 (4.7) 
/° 14 (2) 87 (5) 
/° 111 (2) 36 (14) 
/° 38 (6) 41 (8) 
Quality factor (Q) 0.03 0.09 
a The tensor fits used the crystal structure 1IWQ and the metal position was constrained 
to the coordinates x = -9.645, y = 22.186 and z = 89.373 (Ca-binding site II). The table 
displays the best fits. Standard deviations (in brackets) were determined from fits obtained 
by using the same metal position while randomly omitting 20% of the PCS data. Quality 
factors (Q) were calculated as the root mean square (r.m.s.) of the differences between 
experimental and back-calculated PCSs divided by the r.m.s. of the experimental PCSs. 
Comparing the -tensors determined for the CaM-MARCKS complex with the -tensors 
published by Bertini et al. (2009) for the CaM-DAPK and CaM-DRP-1 complexes and by 
Russo et al. (2013) for the CaM-IQ complex indicates that the N-lobe structure is highly 
conserved in the complexes with DAPK, DRP-1 and IQ (Table 6), but possibly slightly 
different in the CaM-MARCKS complex as the axial and rhombic components of the -
tensor with Tb3+ are quite different (Table 5). Alternatively, the number of PCSs measured 
for the N-lobe with Tb3+ (Table 4) may be too small for reliable determination of the -
tensor.   
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Table 6. parameters published for CaM N60D in complex with DAPK, DRP-1 and IQ 
peptides calculated from N-lobe PCSsa 
 Tb3+ Tm3+ 
DAPK DRP-1 IQ DAPK DRP-1 IQ 
ax/(10
-32 m3) 35.5 37.3 31.4 25.1 22.7 25.9 
rh/(10
-32 m3) 16.9 14.2 18.3 11.0 12.5 10.5 
a The published parameters were converted into the unique -tensor representation 
(UTR) convention. 
Using the tensors shown in Table 5, the PCSs for the C-lobe were calculated using the 
crystal structure 1IWQ. Figure 23 shows the correlation between back-calculated and 
experimental PCSs for both the N-lobe and C-lobe. A good correlation between the back-
calculated and experimental PCSs was obtained for the N-lobe. On the other hand, the 
correlation between the back-calculated and experimental PCSs for the C-lobe was poor 
with large quality factors (Tb3+ = 0.9 and Tm3+ = 1.7). The large quality factors and the 
poor fit of the C-lobe suggests the presence of multiple conformers in the CaM-MARCKS 
complex in solution, different from the crystal structure 1IWQ, which is consistent with the 
results obtained from the DEER experiments. 
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Figure 23. Correlations between back-calculated and experimental PCSs for CaM 
N60D in complex with MARCKS peptide. (a) Correlation for the amide protons of the N-
lobe. Blue and red points mark the PCSs obtained with Tb3+ and Tm3+, respectively. (b) 
Same as (a) but for the C-lobe.  
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It is interesting to compare the experimental PCS data obtained for the CaM-MARCKS 
complex directly with the previously published PCS data for other globular CaM-target 
peptide complexes; namely complexes between CaM and DAPK, DRP-1 (Bertini et al., 
2009) and IQ (Russo et al., 2013) peptides (Table 7). The correlations were always good for 
the N-lobe (Figures 24a and 25a), indicating that the structure of the N-lobe is conserved 
between these complexes. On the other hand, the residues that showed the largest 
deviations in the correlations (Lys13, Leu18 and Gly23) are located near the hydrophobic 
pocket of the N-lobe, which is almost absent in the CaM-MARCKS complex due to the 
lack of the anchor residue in MARCKS (Yamauchi et al., 2003). 
The correlations comparing the PCSs of the C-lobes of the complexes with MARCKS and 
DAPK, DRP-1 or IQ were not as good as for the N-lobe, with residues in the linker region 
(Arg90 and Val91) showing the largest deviations (Figure 24b). In contrast, the 
corresponding correlation between DAPK and DRP-1, which share the same 1-14 binding 
mode, was very good (Figure 25b). This supports the notion that CaM can adjust its 
conformation to facilitate binding to diverse target proteins based on the binding mode 
(Yamniuk and Vogel, 2004). The correlation plots also show that the complex with IQ 
produced larger PCSs than the other complexes, which may be attributed to the unusual 
binding mode of the IQ motif relative to the other peptides (Black and Persechini, 2011). 
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Table 7. PCSs published for backbone amide protons of CaM N60D in complex with 
DAPK, DRP-1 and IQ peptides in the presence of Tb3+ or Tm3+ 
Residue Tb3+ Tm3+ 
DAPKa DRP-1a IQb DAPKa DRP-1a IQb 
Thr5 0.90 1.07 0.86 -0.57 -0.65 -0.56 
Glu6 1.26 1.23 1.00 -0.43 -0.73 -0.62 
Glu7 0.95 1.14 0.89 -0.55 -0.66 -0.54 
Glu11 1.15 1.51 1.02 -0.70 -0.89 -0.65 
Lys13    -1.38 -1.72 -1.19 
Leu18 0.11 0.50 -0.42    
Gly23    -1.40 -1.50 -1.11 
Thr34    1.65  1.53 
Met36    1.98 1.93 1.86 
Asn42 -1.25 -1.27 -1.00 1.00 0.99 0.82 
Glu45    0.55 0.77 0.50 
Ala46    0.71 0.70 0.37 
Glu47    1.23 1.26 0.85 
Leu48     2.17 1.62 
Arg90 -0.52 -0.49 -0.72 0.40 0.44 0.61 
Val91 -0.60 -0.61 -0.86 0.46 0.48 0.68 
Gly96 -0.34 -0.33 -0.40 0.25 0.23 0.32 
Gly98 -0.28 -0.27 -0.34 0.20 0.18 0.26 
Ile100 -0.22 -0.21 -0.31 0.17 0.14 0.27 
Ser101 -0.25 -0.23 -0.32 0.16 0.17 0.27 
Ala102 -0.17 -0.13 -0.23 0.10 0.09 0.19 
Ala103 -0.19 -0.17 -0.25 0.10 0.11 0.19 
Thr117 -0.02 0.00 -0.14 -0.02 -0.07 0.10 
Asp118 -0.04 -0.02 -0.13 0.00 -0.02 0.10 
Val121 -0.05 -0.01 -0.17    
Met124 -0.08 0.01 -0.19 0.03 0.02 0.13 
Ile130 -0.09 -0.05 -0.18 0.08 0.06 0.14 
Asp131 -0.09 -0.06 -0.15 0.00 0.08 0.13 
Asp133 -0.11 -0.08 -0.15 0.06 0.06 0.13 
Gly134 -0.10 -0.06 -0.15 0.05 0.03 0.13 
Gln135 -0.12 -0.09 -0.18 0.09 0.08 0.16 
Val136 -0.17 -0.17 -0.26 0.14 0.11 0.23 
Asn137 -0.17 -0.15 -0.26 0.13 0.12 0.21 
Gln143 -0.02 -0.13 -0.30 0.10 0.09 0.24 
a data taken from Bertini et al. (2009) 
b data taken from Russo et al. (2013) 
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Figure 24. Correlation between experimental PCSs of the CaM-MARCKS complex 
and other globular CaM-target peptide complexes. (a) Correlations for N-lobe residues. 
Blue and red points mark the PCSs obtained with Tb3+ and Tm3+, respectively. (b) Same as 
(a) but for the C-lobe residues. Points with the largest deviations are marked with the 
corresponding residue number. 
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Figure 25. Correlation between experimental PCSs of CaM-DAPK, DRP-1 and IQ 
complexes. (a) Correlations for N-lobe residues. Blue and red points mark the PCSs 
obtained with Tb3+ and Tm3+, respectively. Points with the largest deviations are marked 
with the corresponding residue number. (b) Same as (a) but for the C-lobe residues. 
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4.4. Conclusion 
Using a combination of DEER and paramagnetic NMR experiments, the conformational 
changes of CaM upon binding of the MARCKS peptide have been studied. The results 
confirm that free CaM populates open and closed conformations, with the closed 
conformations becoming more highly populated after binding of the MARCKS peptide. In 
addition, the PCS results showed that CaM, in complex with MARCKS peptide, either 
adopts a less closed conformation than the published crystal structure or is in equilibrium 
with more open conformations even in the presence of MARCKS peptide. Either 
explanation is in agreement with the PCS data, where the complex with MARCKS 
consistently displayed smaller PCSs for the C-lobe than any of the previously investigated 
peptide complexes. In contrast, the DEER data clearly do not favour a single conformation. 
4.5. Future Directions 
It would be interesting to measure PCSs in the MARCKS peptide using the CaM N60D 
Ca3Ln mutant, which could be used to assess both the position and orientation of the bound 
MARCKS relative to the CaM N-lobe. Moreover, DEER experiments could be used to 
measure distances between MARCKS and both N-lobe and C-lobe in order to study the 
mobility of each lobe relative to the bound peptide. Finally, newer LBTs, like the C9 tag 
that produces narrow distance distributions, could be used in the DEER experiments to 
minimize the contribution of the tag mobility to the measured distance distributions 
(Abdelkader et al., 2015). 
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Quantitative cysteine-independent ligation of a Gd3+ tag to genetically
encoded p-azido-L-phenylalanine via Cu(I)-catalyzed click chemistry
is shown to deliver an exceptionally powerful tool for Gd3+–Gd3+
distance measurements by double electron–electron resonance
(DEER) experiments, as the position of the Gd3+ ion relative to the
protein can be predicted with high accuracy.
The DEER experiment has turned pulsed EPR into a popular tool
in structural biology because of its unique capability of measuring
specific distances in the range of about 2 to 8 nm, while requiring
only small amounts of sample, particularly when measured at
Q- and W-band frequencies, and being largely independent of
molecular weight.1–4 DEER experiments measure the dipolar
interaction and, hence, the distance between two electron
spins.5–7 The electron spins have to be introduced into the
(usually diamagnetic) molecule of interest by site-directed spin
labelling (SDSL).8–10 Traditionally, SDSL of proteins utilizes tags
that react with cysteine residues, posing problems when naturally
occurring cysteine residues are essential for the structure or
function of the target protein or when the protein contains many
natural cysteines. A much more general way of SDSL employs
genetically encoded unnatural amino acids that can be site-
specifically incorporated into proteins using orthogonal tRNA/
aminoacyl-tRNA synthetase systems.11 In a first attempt, Hub-
bell and co-workers incorporated p-acetyl-L-phenylalanine
( p-AcPhe) into T4 lysozyme singly or in pairs and with a
nitroxide tag containing a hydroxylamine group (K1 tag).12,13
The resulting overall tag contained multiple rotatable bonds,
making the location of the nitroxide group relative to the
protein both uncertain and heterogeneous. Furthermore, ligation
reactions with p-AcPhe tend to be incomplete at neutral pH.
A more recent approach employed a nitroxide-containing unnatural
amino acid, but this amino acid contains even more rotatable
bonds between protein backbone and the nitroxide.14 Furthermore,
in vivo protein expression with the new nitroxide amino acid
resulted in chemical reduction of one third or more of the nitroxide
spin labels, which is detrimental for distance measurements.
The present work introduces an alternative approach to
SDSL for EPR based distance measurements, which combines
quantitative ligation yields at neutral pH with chemically stable
spin labels, highly predictable distances and high absolute
sensitivity. It is based on ligating a Gd3+ tag to two p-azido-L-
phenylalanine (AzF) residues site-specifically incorporated into
the target protein by an orthogonal tRNA/p-cyanophenylalanyl-
tRNA synthetase system.15,16 The spin label is provided by the
C3–Gd3+ tag, which is attached to AzF by Cu(I)-catalysed click
chemistry (Fig. 1).17 Gd3+ tags offer exceptional sensitivity for
DEER measurements at W-band (95 GHz), but have so far only
been used in tags attached to cysteine residues.18
We demonstrate this new approach with the E. coli aspartate/
glutamate binding protein (DEBP), a periplasmic 32 kDa protein
containing a disulfide bond. A crystal structure of the glutamate
complex of the homologous protein from Shigella flexneri has
been determined.19 The S. flexneri enzyme diﬀers in only three
residues (D127N, G130D, D200E). Glutamate binds between two
rigid domains that encase the bound amino acid.
High ligation yields are important for DEER experiments, as
poor yields of doubly tagged protein cannot simply be compensated
for by increased sample concentration, which would increase
the non-specific background of paramagnetic centres and
reduce the modulation depth. This makes it diﬃcult to remove
the correspondingly enhanced background decay prior to analysis
of the remaining signal for oscillations arising from specific intra-
molecular electron–electron distances. Initial attempts to attach
the C3–Gd3+ tag to two site-specifically incorporated AzF residues
by Cu(I)-catalysed click chemistry (Fig. 1) resulted in unsatisfactory
yields. First, in vivo protein expression lead to partial reduction
of the azide group to an amino group. We solved this problem
by producing the protein by cell-free synthesis. No more than
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15% reduction occurred after 16 h of cell-free synthesis (depend-
ing on the site of the AzF residue in the protein) and limiting the
cell-free reaction to 6 h proved to avoid the reduction without
significant loss in protein yield. Cell-free synthesis had the
additional benefit of allowing protein production from linear
PCR-amplified DNA20 and avoiding premature truncation at
amber stop codons by facile removal of RF1.21 Second, click
reactions with the sterically demanding C3 tag are more difficult
than for tags with more accessible acetylene groups.17 Based on
earlier observations, which reported incomplete ligation yields
for proteins containing His6 tags,
14,17 we cleaved the His6 tag at
the C-terminus of DEBP using TEV protease. Nonetheless, the
ligation reaction was accompanied by severe copper-induced
protein precipitation and the ligation yields remained low, until
we added 150 mM NaCl to the reaction mixture (Fig. S4, ESI†).
The final reaction conditions included 0.05 mM protein, 0.5 mM
tag, 0.3 mM CuSO4, 1.5 mM BTTAA, 5 mM aminoguanidine,
0.5 mM glycerol, 5 mM ascorbic acid, 50 mM sodium phosphate
(pH 8) and 150 mM NaCl at room temperature, and produced
near-quantitative yields of double-tagged DEBP.
Fifteen double-AzF mutants of DEBP ligated with C3–Gd3+
tags were prepared and subjected to W-band22 Gd3+–Gd3+ DEER
distance measurements. The measurements were carried out
at 10 K, using a home-built EPR spectrometer.22 The protein
solution (0.1 mM in about 3 mL) was loaded into quartz
capillaries (0.84 mm outer diameter, 0.60 mm inner diameter).
All mutants studied gave similar echo-detected EPR spectra
(Fig. S5, ESI†). The echo decay rate allowed an evolution time
of up to 8 ms. DEER data were recorded using the four-pulse
sequence (Fig. S6, ESI†)7 with t ranging from 200 ns (the
position of the first echo is taken as t = 0) to t1-500 ns. The
pump pulse was set to the maximum of the EPR spectrum
and the observer pulses 100 MHz higher. The length of the
pump pulse, tpump, was 15 ns, the length of the p/2 observer
pulse, tobserver,p/2, was 15 ns and the length of the p observer
pulse, tobserver,p, was 30 ns. The delay time t was 350 ns and
the repetition time was 800 ms. The cavity tuning was set to
94.9 GHz. Accumulation time ranged from 2 to 17 h depending
on the Gd3+–Gd3+ distance. The full transient echo traces were
collected for each t value in the DEER sequence and the echo
integration was carried out after data collection. The integration
gate was chosen to obtain the best signal-to-noise ratio. Usually,
best results were obtained for an integration width equal to the
echo full width at half height. Data analysis was carried out with
DeerAnalysis and Tikhonov regularization using the bending
point of the L-curve.23
Fig. 2 shows the results (see Fig. S7 for the primary DEER data
before background subtraction, ESI†). The modulation depths
(3–4% for all mutants) indicate a consistently high labelling
efficiency. To predict the Gd3+–Gd3+ distances, the mutation
tool of PyMOL was used to determine w1 and w2 angles of the
AzF–C3–Gd3+ residues. The angle w6 was set to 1801 and the Gd
3+
ion coordination was as in Fig. 1b. The agreement between
the predicted distances and the maxima of the experimental
distance distributions is remarkably good considering that the
predictions used only single tag conformations (Fig. 1b). Only
the AzF–C3–Gd3+ residue at site 169 displayed severe steric
clashes for the w1 rotamer that agreed with the experimental
distances. These clashes were removed by adjusting the w9 and
w10 angles, and abandoning the coordination of the Gd
3+ ion by
the triazole ring. The non-standard tag geometry at this site
seems to arise from specific binding interactions between the
cyclen ring system and the protein, whereas the tags at the other
sites are highly solvent-exposed (Fig. 3).
The few seemingly broad and multi-distance distance dis-
tributions may have diﬀerent sources. For mutants with short
distances (o3 nm as in, e.g., mutant 48/228), the weak coupling
approximation used in the data analysis breaks down and, as a
consequence, the distance distribution broadens and shows
some artefact peaks.24 In addition, it cannot be ruled out that
mutant 48/228 includes minor populations of alternative w1
rotamers of the AzF residues, favoured by electrostatic repulsion
between the tags, as the peaks around 3.5 nm are rather intense
(Fig. 2). For mutant 48/169, the multi-distance distribution may
similarly reflect the occurrence of an alternative conformation
of the tag at position 169, which can, without van der Waals
violations, also be modelled with an alternative w1 angle that
would lengthen the Gd3+–Gd3+ distance in the mutant 48/169 by
about 1 nm. Most important, however, the tallest peak of every
single distance distribution can be explained by single tag
conformations, which, with the exception of site 169 discussed
above, indicates a preferential population of the w6 = 1801 rather
than the w6 = 01 rotamer (Fig. 3c and d).
The widths of the distance distributions obtained with the
C3–Gd3+ tag compare favourably with those obtained with the
Fig. 1 Gd3+ tag used in the present work. The tag is positively charged owing
to the charge of the Gd3+ ion. (a) Click chemistry reaction for attaching the
C3–Gd3+ tag to an AzF residue. We refer to the ligation product as an AzF–C3–
Gd3+ residue. (b) Stereoview of the AzF–C3–Gd3+ residue in the side chain
conformation found in the present work. Nitrogen, oxygen and gadolinium
atoms are shown as blue, red and magenta spheres, respectively. In the
conformation shown, the dihedral angle w6 is 1801 and coordination of the
Gd3+ ion by a nitrogen of the triazole determines the angles w9 and w10.
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chemically similar C1–Gd3+ tag.25 Every one of the six tagging
sites yielded at least one distance distribution with a full width
at half height below 1 nm (Fig. 2), indicating that increased
widths contain significant information about conformational
variations. Obviously, variations in w1 or w6 angles could broaden
the distributions. More interestingly, the long and rigid tether
of the tag also amplifies small variations in the backbone
structure. Although we engineered all mutation sites in elements
Fig. 2 DEER results at 10 K for 15 diﬀerent double AzF mutants of DEBP
ligated with C3–Gd3+ tags and with bound glutamate. The residues
replaced by AzF in each double mutant are specified in each subfigure.
Left panels: Normalized DEER traces after background removal, showing
the fits obtained by Tikhonov regularization23 as smooth lines. Right
panels: Corresponding distance distributions. The red line indicates the
distance calculated from modelling the AzF–C3–Gd3+ residues onto the
crystal structure of the S. flexneri homologue (PDB ID: 2VHA).19 The blue
lines mark the distances predicted by the same models, except that the w1
angle of both AzF residues was changed by 151 to explore the effect of w1
angle variability. (For residue 169, the w1 angle was varied between 01 and
+151, as more negative angles would have lead to severe van der Waals
clashes.) Of the four resulting distances, the grey lines mark only those that
are most different from the starting conformations. The top three rows
show the intra-domain distance measurements.
Fig. 3 Model of DEBP16 with AzF–C3–Gd3+ residues. We refer to the
domains on the left and right as the small and large domains, respectively.
The side chains of the AzF–C3–Gd3+ residues were modelled as described in
the main text and are shown in the colours of the backbone sites to which
they are attached. Gd3+–Gd3+ distances are identified by dashed lines. (a)
Model displaying the intra-domain distances (in nm). (b) Same as (a), but
showing the inter-domain distances. (c) Correlation between experimental
and predicted Gd3+–Gd3+ distances. Blue and red points mark distances in
the small and large domain, respectively. Black points mark inter-domain
distances. The experimental distances correspond to the maxima of the
distance distributions measured by DEER experiments (Fig. 2). The predicted
distances were calculated using w6 = 1801. (d) Same as (c), except that the
predicted distances were calculated using w6 = 01 (except for residue 169, for
which w6 = 1801 was used throughout to avoid steric clashes).
ChemComm Communication
This journal is©The Royal Society of Chemistry 2015 Chem. Commun., 2015, 51, 15898--15901 | 15901
of regular secondary structure, different tagging sites still
exhibited different distance distribution widths. For example,
mostly narrow distance distribution widths were observed for
site 127, while mostly wide distributions were associated with
position 146. With a greater number of tagging sites, it may
thus be possible to use the AzF–C3 tag for studying the
amplitudes and directions of local protein backbone flexibility.
The absolute maxima of the distance distributions derived
from DEER data measured in the absence of glutamate were at
very similar positions as those measured in the presence of
glutamate, indicating preservation of the closed conformation
in the frozen state of the apo-protein and highlighting the high
reproducibility of the distance measurements (Fig. S8, ESI†).
In conclusion, AzF–C3–Gd3+ residues make Gd3+–Gd3+ dis-
tance measurements by DEER exceptionally powerful by posi-
tioning the Gd3+ ions at unique positions that can easily be
predicted from the three-dimensional structure (or model) of
the target protein. This is an important advance over conven-
tional nitroxide tags that are attached to cysteine residues and
generate distributions of nitroxide positions that need to be
modelled.26 Every one of the six sites we mutated successfully
incorporated the unnatural amino acid without evidence
for structural perturbation. In addition, this work established
a general protocol for obtaining the requisite quantitative
ligation yields at every single site using the Cu(I)-catalyzed
reaction with the sterically demanding C3 tag while avoiding
copper-induced precipitation of proteins. In contrast to all
previous Gd3+ tags used with proteins,25,27,28 the C3 tag does not
depend on ligation to cysteine residues. Combined with efficient
incorporation of two unnatural amino acids by cell-free synthesis,
facile production of mutant proteins from PCR-amplified DNA, and
the chemical stability of the resulting AzF–C3–Gd3+ residue, high
sensitivity Gd3+–Gd3+ distancemeasurements by DEER experiments
offer unprecedented new opportunities in structural biology,
including in-cell measurements, which require a redox-resistive
conjugation to the protein.
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Abstract Pseudocontact shifts (PCS) induced by tags
loaded with paramagnetic lanthanide ions provide powerful
long-range structure information, provided the location of
the metal ion relative to the target protein is known. Usually,
the metal position is determined by fitting the magnetic
susceptibility anisotropy (Dv) tensor to the 3D structure of
the protein in an 8-parameter fit, which requires a large set of
PCSs to be reliable. In an alternative approach, we used
multiple Gd3?-Gd3? distances measured by double elec-
tron–electron resonance (DEER) experiments to define the
metal position, allowing Dv-tensor determinations from
more robust 5-parameter fits that can be performed with a
relatively sparse set of PCSs. Using this approach with the
32 kDa E. coli aspartate/glutamate binding protein (DEBP),
we demonstrate a structural transition between substrate-
bound and substrate-free DEBP, supported by PCSs gener-
ated by C3-Tm3? and C3-Tb3? tags attached to a genetically
encoded p-azidophenylalanine residue. The significance of
small PCSs was magnified by considering the difference
between the chemical shifts measured with Tb3? and Tm3?
rather than involving a diamagnetic reference. The integra-
tive sparse data approach developed in this work makes
poorly soluble proteins of limited stability amenable to
structural studies in solution, without having to rely on
cysteine mutations for tag attachment.
Keywords Double electron–electron resonance  E. coli
aspartate/glutamate binding protein  Integrative structural
biology  Lanthanide tag  Pseudocontact shift
Introduction
In recent years, the integration of different biophysical
techniques has emerged as a highly successful approach to
the study of biomacromolecular systems (Ward et al. 2013;
van den Bedem and Fraser 2015). For protein structure
analysis by solution NMR spectroscopy, single-crystal
X-ray structures (Baldwin et al. 1991) and small-angle
X-ray scattering (Sunnerhagen et al. 1996) have long been
recognized to present particularly valuable complementary
information. Similarly, electron paramagnetic resonance
(EPR) methods have contributed much structural infor-
mation about the coordination environment of metal ions
and through long-range distance measurements between
spin labels, but there are only few examples where distance
measurements by DEER experiments have been combined
with NMR data, either to supplement NMR restraints by
additional DEER distance restraints (Yang et al. 2010,
2011; Duss et al. 2014) or to extend and correlate NMR
effects with DEER data (Huang et al. 2012; Yang et al.
2013). Most of these examples employed flexible nitroxide
tags. The present work integrates NMR and distance
measurements by DEER experiments in a much closer
manner, using the coordinates of Gd3? ions identified by
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DEER to enable the interpretation of sparse PCSs gener-
ated by the same lanthanide binding tag, but using Tm3?
and Tb3? instead of Gd3? ions.
In previous work we used the E. coli aspartate/glutamate-
binding protein (DEBP) as a model system to investigate the
utility of pairs of C3-Gd3? tags (Loh et al. 2013) to assess the
3D structure of a protein by a large number of Gd3?-Gd3?
distances in the range of 2.5–6 nm measured by DEER
(Abdelkader et al. 2015). A simple protocol for modelling
the conformation of the tag on the protein structure proved to
predict the metal coordinates associated with the tag with
exceptional reliability as shown by DEER. The C3-Gd3? tag
was further advantageous because DEBP contains a disulfide
bond. Most lanthanide tags are designed for ligation to cys-
teine residues (Su and Otting 2010; Keizers and Ubbink
2011), which can be incompatible with disulfide bonds. No
such complication applies for the C3-Gd3? tag, which is
attached to a p-azidophenylalanine (AzF) residue by Cu(I)-
catalyzed click chemistry (Loh et al. 2013). AzF is an
unnatural amino acid that can be site-specifically incorpo-
rated into proteins by genetic encoding, using an orthogonal
amber-suppressor tRNA/aminoacyl-tRNA synthetase sys-
tem (Chin et al. 2002; Young et al. 2011).
DEBP belongs to the family of periplasmic ligand
binding proteins (PBP) and a crystal structure is available
of the highly homologous protein from Shigella flexneri
with bound glutamate (Hu et al. 2008). The amino acid
sequences of the S. flexneri and E. coli proteins differ in
only three residues (D127N, G130D, D200E), all of which
are solvent exposed. In the presence of glutamate, the
Gd3?-Gd3? distances measured by DEER with C3-Gd3?
tags at six different sites were in complete agreement with
the crystal structure. Furthermore, simple modelling based
on the crystal structure was shown to predict, with high
accuracy, five of six of the lanthanide ion positions relative
to the protein. The DEER experiments also revealed,
however, that the Gd3?-Gd3? distances were, within 2 A˚,
the same in the glutamate-free protein. This was unex-
pected, as PBPs bind their ligands between two domains
linked by two b-strands, which, in most PBPs analyzed
with and without ligand, mark the location of a hinge
between the domains. By moving as mostly rigid entities in
an open-and-shut movement, the domains can capture and
release ligand (Okumoto et al. 2005). The crystal structure
of the S. flexneri protein displays the closed state, in which
glutamate is bound without solvent accessibility.
In view of the importance of glutamate as a neuro-
transmitter and key metabolite, DEBP has attracted much
interest for the design of glutamate biosensors (de Lorimier
et al. 2002; Okumoto et al. 2005; Hires et al. 2008; Marvin
et al. 2013). These biosensors critically depend on a con-
formational change between the glutamate-bound and
glutamate-free form of the protein. In the best DEBP-based
glutamate sensors, however, DEBP has been modified in
the hinge region between the domains (Hires et al. 2008;
Marvin et al. 2013), raising the possibility that the capture
and release of glutamate by wild-type DEBP involves only
a local rather than global structural change.
To determine whether the closed conformation indicated
by the DEER experiments of substrate-free DEBP is an
artefact of the measurement conditions (DEER measure-
ments are performed in frozen solution in the presence of
20 % glycerol) or whether the closed state is also predomi-
nant in liquid solution at 25 C, we turned to NMR spec-
troscopy. Unfortunately, DEBP proved to be insufficiently
soluble to allow resonance assignments by conventional 3D
NMR spectroscopy, precipitating over the course of hours at
concentrations much above 0.1 mM. To overcome the lim-
itations posed by the limited solubility of the protein, we set
out to measure PCSs of backbone amide protons detected in
15N-HSQC spectra of selectively 15N-labelled samples,
using the C3-tag loaded with either Tm3? or Tb3? ions to
induce the PCSs. This approach encountered two major
obstacles. First, the spectral overlap in 15N-HSQC spectra of
uniformly 15N-labelled protein compromised resonance
assignments and PCS measurements, a problem solved by
combining selective 15N-isotope labelling with resonance
assignment by site-directed mutagenesis (the latter involv-
ing the preparation of samples, in which single-labelled
residues were mutated to a different unlabelled amino acid
type. Second, as site-directed mutagenesis made the
assignment of a large number of backbone amide cross-
peaks laborious, only a limited number of PCSs could be
measured and assigned to individual residues, rendering a
reliable identification of the metal position difficult. As
shown previously by Ubbink and co-workers, a lanthanide
ion can be positioned at a highly predictable position by the
use of a double-armed tag attached to two cysteine residues
(Keizers et al. 2008), but the disulfide bond in DEBP com-
promises the utility of cysteine mutations. This situation
prompted the current work, where we attached lanthanide
ions to an AzF residue and used the metal coordinates
obtained by DEER experiments to enable interpretation of
the sparse PCSs. Integration of the structural information
from a single-crystal X-ray structure, Gd3?-Gd3? distance
measurements from DEER and PCSs recorded for a limited
set of 15N-HSQC cross-peaks provides a practical approach
to structural studies of difficult proteins.
Materials and methods
Protein sample preparation
Constructs of DEBP contained an N-terminal His6 tag
followed by a tobacco etch virus (TEV) protease
40 J Biomol NMR (2016) 64:39–51
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recognition site but was devoid of the periplasmic leader
sequence (Figure S1). They were expressed using the
pETMCSIII vector (Neylon et al. 2000) as described pre-
viously (Abdelkader et al. 2015). Samples were prepared
by cell-free protein synthesis in a dialysis system following
an established protocol (Ozawa et al. 2004; Apponyi et al.
2008). Selectively 15N-labelled samples were prepared
with 15N-labelled valine, isoleucine and serine. To assign
the respective 15N-HSQC cross-peaks of these samples,
valine residues were mutated to alanine or isoleucine,
isoleucine residues were mutated to valine, and serine
residues were mutated to alanine. All mutant samples were
prepared using PCR to introduce the mutation, followed by
a second round of PCR to amplify the DNA with eight-
nucleotide single-stranded overhangs suitable for protein
production by cell-free synthesis (Wu et al. 2007; see the
Supporting Information for the primers used). Each cell-
free reaction was conducted at 30 C in a dialysis system
with 2 or 3 mL inner reaction mixture and 20 or 30 mL
outer buffer, respectively. 15N-labelled amino acids were
provided at a concentration of 1 mM.
The DEBP N146AzF mutant was produced like all other
mutants, using PCR to insert an amber stop codon at the
requisite site and producing the protein by cell-free syn-
thesis, except that an S30 extract depleted of the release
factor RF1 was used (Apponyi et al. 2008; Loscha et al.
2012). In addition to the usual reagents, the inner buffer
contained 0.5 mg/mL total tRNA containing optimized
suppressor tRNA (Young et al. 2010), prepared as descri-
bed previously (Ozawa et al. 2012), and 50 lM purified p-
cyano-L-phenylalanyl-tRNA synthetase (Young et al.
2011). AzF was supplied at a concentration of 1 mM.
The protein samples were purified using a Ni–NTA
column and the ligation of DEBP N146AzF with either C3-
Tm3? or C3-Tb3? tags (Fig. 1) was achieved by Cu(I)-
catalyzed click-chemistry following cleavage of the His6-
tag with TEV protease as described previously (Abdelkader
et al. 2015).
To remove bound glutamate, the protein samples were
denatured by the addition of guanidine hydrochloride to a
final concentration of 6 M. The solution was left at room
temperature for 2 h. Refolding and removal of free gluta-
mate was achieved by dialyzing against ‘‘click buffer’’
(50 mM sodium phosphate, pH 8, 150 mM sodium chlo-
ride) at 4 C, following a published protocol (Hu et al.
2008). Finally, the protein samples were concentrated
using an Amicon ultrafiltration centrifugal tube with a
molecular weight cutoff of 10 kDa. The average yield was
about 1 mg of purified protein per mL cell-free reaction
mixture (inner buffer). The disulfide bond between Cys88
and Cys213 formed spontaneously during the refolding
reaction.
For NMR measurements, the protein samples were
dialyzed against NMR buffer (50 mM sodium phosphate,
pH 7.4, 150 mM sodium chloride) at 4 C and concen-
trated using an Amicon ultrafiltration centrifugal tube with
a molecular weight cutoff of 10 kDa. 10 % D2O was added
before NMR measurement. The final samples contained
about 0.1–0.2 mM protein. Samples of glutamate-bound
DEBP were obtained by the addition of a tenfold excess of
potassium glutamate in NMR buffer.
NMR spectroscopy
All NMR spectra were recorded at 25 C on Bruker NMR
spectrometers equipped with TCI cryoprobes. The 15N-
HSQC spectra of the valine-to-alanine mutants were
recorded at a 1H NMR frequency of 600 MHz with
t2max = 40 ms, t1max values ranging between 25 and
40 ms, and total recording times between 1 and 24 h. The
Nz-exchange spectrum was recorded at a
1H NMR fre-
quency of 800 MHz in 10 h, using t2max = 46 ms, t1-
max = 20 ms, and a mixing time of 100 ms.
15N-HSQC
spectra of diamagnetic and C3-Tm3? and C3-Tb3? tagged
samples were recorded with protein concentrations of
about 0.15 mM at a 1H NMR frequency of 800 MHz, using
t2max = 50 ms, t1max = 25 ms, and total recording times of
about 45 min for the sample without tag and without glu-
tamate, 3 h for the sample without tag and with glutamate,
and 12 h for the samples with paramagnetic tags.
Results
Resonance assignments by site-directed mutagenesis
The 15N-HSQC spectrum of a selectively 15N-valine-la-
belled sample of wild-type DEBP displayed 19 cross-peaks
in the presence of glutamate, corresponding precisely to the
number of valine residues in the protein. In the absence of
glutamate, 18 cross-peaks were resolved (Fig. 2). The
protein was less prone to precipitation in the presence of
glutamate. Therefore, we set out to assign the 15N-HSQC
cross-peaks of the valine residues of glutamate-bound
DEBP by preparing 19 samples of 15N-valine-labelled
DEBP, in which each valine residue was mutated one by
one to alanine. In seven of those mutants, the spectra
changed too much to allow unambiguous assignments. In
these cases, new samples were prepared in the same way,
except that the valine residues were changed to isoleucine.
This yielded the assignment of the 15N-HSQC cross-peaks
of most valine residues, except that the cross-peaks of
Val133 and Val134 had similar chemical shifts (Fig. 2),
which were sensitive to mutation of either of these residues
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(Fig. S2), making their resonance assignment by mutation
ambiguous. The cross-peaks of these residues were
assigned later by PCSs (see below). The 15N-HSQC cross-
peaks of Ile70 and Ile76 were also assigned by mutation,
preparing the samples with 15N-isoleucine and mutating the
residues individually to valine (Fig. S3).
Chemical exchange
To assign 15N-HSQC cross-peaks of substrate-free DEBP,
we recorded a heteronuclear Nz-exchange spectrum (John
et al. 2007) of a sample with a sub-stoichiometric amount
of glutamate. The exchange cross-peaks in this spectrum
allowed the transfer of the resonance assignments between
the glutamate-free and glutamate-bound form (Fig. 3). The
peak intensity ratio of the exchange cross-peaks and auto-
peaks indicated an exchange rate of 7 s-1. The largest
changes in chemical shifts were observed for V28, V109,
and V110, for which the largest change in chemical envi-
ronment is expected if glutamate release is associated with
a separation of the small and large domains of DEBP
(Fig. 4c). V109 and V110 are near the putative hinge in the
two-stranded b-sheet, and the amide proton of V28 is in the
large domain over 13 A˚ away from V109 and V110,
directly facing the small domain. The chemical shifts of the
other valine amide protons are much more conserved,
confirming the structural conservation of the small and
large domains of DEBP between the states with and
without glutamate. In the crystal structure, the amides of
V28, V109 and V110 are over 6.5 A˚ from any atom of the
bound glutamate, i.e. their large changes in chemical shift
upon release of glutamate are not due to a loss of direct
contact with the ligand. In view of the general ligand
binding mechanism of PBP proteins (Quiocho and Ledvina
1996), the chemical shift changes point to a different ori-
entation between the small and large domains in substrate-
free DEBP. This conclusion is corroborated by the PCS
data discussed below.
Pseudocontact shifts and exploiting metal
coordinates determined by DEER
We hypothesized that, in analogy to other PBP proteins, the
small and large domains of DEBP are rigid structural units
Fig. 2 15N-HSQC spectra of 0.4–0.5 mM solutions of wild-type
DEBP selectively labelled with 15N-valine. The spectra were recorded
at 25 C. The NMR buffer used contained 50 mM sodium phosphate,
pH 7.4, and 150 mM sodium chloride. a Spectrum recorded in the
presence of tenfold potassium glutamate on a Bruker 800 MHz NMR
spectrometer. b Spectrum recorded in the absence of glutamate on a
Bruker 600 MHz NMR spectrometer. The cross-peaks are well
resolved also at the lower magnetic field strength
Fig. 1 Chemical structure of the AzF-C3-lanthanide residue used in
the present work to tag DEBP with either Tm3? or Tb3?. Nitrogen,
oxygen, and gadolinium atoms are shown as blue, red and magenta
spheres, respectively. The dihedral angle v6 is 180. The lanthanide
ion is coordinated by the nitrogens of the cyclen ring, three oxygens
of the pendant amides and a nitrogen of the triazole
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that are connected by a flexible hinge, which is marked by
the two-stranded b-sheet linking the two domains (Fig. 4c).
By replacing N146 by a paramagnetic AzF-C3-Tm3? or
AzF-C3-Tb3? residue (Fig. 1), domain movements are
expected to generate significant changes in inter-domain
PCSs while the intra-domain PCSs in the small domain are
expected to remain unchanged.
PCSs were generated in DEBP N146AzF by ligation
with C3-Tm3? or C3-Tb3? tags (Fig. 4a, b). PCSs are
through-space effects that follow the equation (Bertini
et al. 2002)
DdPCS¼1= 12pr3  Dvax 3cos2h1
 þ 1:5Dvrhsin2h cos2u
 
ð1Þ
where DdPCS is the PCS measured in ppm, r is the distance
of the nuclear spin from the metal ion, Dvax and Dvrh are
the axial and rhombic components of the magnetic sus-
ceptibility anisotropy tensor Dv, and h and u are the polar
angles describing the position of the nuclear spin with
respect to the principal axes of the Dv tensor. We fitted the
Dv tensors to the coordinates of the S. flexneri crystal
structure, which represents the substrate-bound state (Hu
et al. 2008), using the PCSs observed in the presence of
excess glutamate (Tables S2 and S3).
In principle, fitting a Dv tensor to a protein structure
involves an 8-parameter fit (Dvax, Dvrh, the Euler angles a,
b, and c, and the metal coordinates x, y, and z) but
obtaining reliable metal coordinates from an 8-parameter
fit requires that the number of measured PCSs significantly
exceed the number of parameters in the fit. For DEBP
N146AzF-C3-Tm3?, however, only eleven experimental
PCSs were available, and the number was even smaller for
DEBP N146AzF-C3-Tb3? (Tables S2 and S3). To obtain a
reliable Dv-tensor fit, we used the metal position deter-
mined previously by modelling an AzF-C3-Tm3? residue
at site 146, which had been confirmed by Gd3?-Gd3?
distance measurements by DEER experiments. Using pairs
of AzF-C3-Gd3? residues, the DEER experiments mea-
sured five different Gd3?-Gd3? distances to the Gd3? ion
of the AzF-C3-Gd3? residue at position 146, which was
part of a network of six Gd3? ions with a total of 15
measured distances (Abdelkader et al. 2015). As the
modelled distances and the distances experimentally mea-
sured by DEER experiments correlated within 2 A˚, the
metal position is known with good accuracy. Independent
knowledge of the metal coordinates thus allowed a reduc-
tion in the dimensionality of the Dv-tensor parameter
search from 8 to 5 (Dvax, Dvrh and three Euler angles).
The quality factor of the 5-parameter fits to the Tm3?
data was good (Fit I of Table 1) and it did not change
significantly when the PCSs of V133 and V134 were
excluded (Fit II of Table 1). Therefore, we retained these
PCSs with the peak assignments as shown in Figs. 2 and 4
in all subsequent Dv-tensor fits. The established metal
position explains the absence of the cross-peak of V135 in
the paramagnetic samples by paramagnetic relaxation
enhancements (PRE). In an unrestrained 8-parameter fit
performed with the PCSs from the Tm3?-labelled sample
(Fit III of Table 1), the origin of the Dv tensor moved by
over 8 A˚ to a site that is in poor agreement with the DEER
results, near the limit of where the metal could physically
be located and requiring the additional assumption that the
AzF-C3-Tm3? tag assumes an energetically unfavourable
conformation.
In the case of the sample with the C3-Tb3? tag, addi-
tional cross-peaks became undetectable due to the
increased PREs associated with Tb3? (V133, V134 and
V143; Fig. 4b; Bleaney 1972). Nonetheless, using the
remaining eight PCSs, the magnitude of the Dv tensor
determined in a 5-parameter fit (Dvax, Dvrh and three Euler
angles) that used the same metal position as the fit with
Tm3? yielded a Dvax value about 50 % larger than the Dvax
value obtained for Tm3? (Table 2), in agreement with
general expectations for a Tb3? versus Tm3? ion (de la
Cruz et al. 2011).
Using the PCSs measured in the presence of glutamate,
neither of the 5-parameter fits produced a PCS violation
greater than 0.035 ppm and the correlations between back-
calculated and experimentally measured PCSs were very
Fig. 3 Heteronuclear exchange spectroscopy experiment of an
equimolar mixture of glutamate-bound and glutamate-free DEBP.
The experiment was recorded at 25 C using the experimental
scheme of John et al. (2007) with a mixing time of 100 ms. The
protein concentration was 0.5 mM and the total recording time 10 h.
The auto peaks of V28, V109, and V110 in the glutamate-bound and
glutamate-free states (see Fig. 2) are marked with an ‘‘O’’ and a ‘‘C’’,
respectively. The auto-peaks are connected by lines with the exchange
cross-peaks that arise from the chemical exchange between the two
states. The peak intensity ratio of the exchange cross-peaks and auto-
peaks indicates an exchange rate of 7 s-1
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good (Fig. 5). The quality of the fits confirms that, in the
presence of glutamate, the structure of E. coli DEBP in
solution is faithfully represented by the crystal structure of
the S. flexneri homologue. Furthermore, the Dv-tensor fits
support the metal position experimentally established by
the DEER measurements (Abdelkader et al. 2015).
Effective Dv tensor
It can be difficult to interpret PCSs from mobile lanthanide
tags, if the motions significantly change the metal position.
In the case of DEBP N146AzF ligated with C3-Tm3? and
C3-Tb3?, mobility is indicated by the fact that the mag-
nitude of the Dv tensor is smaller than expected for a rigid
C3 tag (Loh et al. 2013). The DEER data, however,
revealed a clear preference for specific sets of v1, v2 and v6
angles (Fig. 1), suggesting that averaging of the Dv tensor
arises more from reorientation of the metal complex with
conserved metal coordinates than from large-amplitude
displacement of the metal position. We note that more
rotamers may be populated in solution than under the
conditions of the DEER experiments, which involve frozen
solutions and thus allow the freezing out of specific con-
formations. Importantly, however, even in situations where
the metal moves between different positions over much
greater distances than compatible with the v1 and v2 angles
of the AzF-C3 residue in the present example, approxi-
mating the experimental PCSs by a single effective Dv
tensor can still produce meaningful results, so long as the
effective tensor provides good fits of the PCSs at the sites
Fig. 4 Pseudocontact shifts measured for 15N-valine-labelled DEBP
at 25 C in 90 % H2O/10 % D2O. To measure PCSs, an AzF residue
was incorporated in the DEBP samples at position 146 and ligated
with either C3-Tm3? or C3-Tb3? tags. a 15N-HSQC spectra of the
glutamate-bound form. Three spectra are superimposed, with blue,
red, and black cross-peaks of the samples with C3-Tm3?, C3-Tb3?,
and untagged DEBP N146AzF, respectively. The cross-peaks are
labelled with the assignment determined by site-directed mutagenesis.
b Same as in (a), except that the 15N-HSQC spectra were recorded in
the absence of glutamate. c Stereo view of PCS isosurfaces (1 ppm in
blue, -1 ppm in red) measured for Tm3? in the presence of glutamate
plotted on a ribbon representation of the crystal structure 2VHA (Hu
et al. 2008), which is in the closed conformation. The magnetic
susceptibility anisotropy (Dv) tensor was determined by a 5-param-
eter fit (axial and rhombic components and Euler angles), fixing the
origin of the tensor to the location of the Gd3? ion, which was
established by modelling and confirmed by DEER. The locations of
the amide protons for which PCSs[ 0.01 ppm could be measured are
indicated by blue and red balls for residues in the small and large
domains, respectively. The two connecting b-strands, which define
the location of the hinge for the inter-domain movement, are shown in
yellow. We refer to the domains on the left and right of residue 110 as
the small and large domains, respectively
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of interest (Shishmarev and Otting 2013; Chen et al. 2014).
In the present case, all PCSs showed the same sign
(Tables S2 and S3). Therefore, the effective Dv tensor for
Tm3? must be arranged in a way similar to that depicted in
Fig. 4c, i.e. with isosurfaces of positive value covering
most of the protein. Similarly, only negative PCSs were
observed with the Tb3? tag. The tensors of Tables 1 and 2
fit these data very well. Independent of any knowledge of
the exact Dv tensor parameters, however, availability of the
metal position from DEER experiments already makes the
PCSs highly informative, as illustrated below for the
structural transition between substrate-free and glutamate-
bound DEBP.
PCS evidence for a structural change
between substrate-free and glutamate-bound DEBP
A structural change between substrate-free and glutamate-
bound DEBP is reflected in the quality factor Q, which
measures the agreement between back-calculated and
experimental PCSs in a Dv-tensor fit. While the PCS data
measured with the Tm3? tag in the presence of glutamate
fit the crystal structure 2VHA of the S. flexneri homolog
very well (Q = 0.06, no PCS violation greater than
0.035 ppm; Fit I of Table 1; Fig. 5a), the corresponding
5-parameter fit performed with PCSs observed in the
absence of glutamate featured a larger Q factor of 0.10 (Fit
IV of Table 1) and PCS violations as large as 0.05 ppm.
This confirms that substrate-free DEBP in solution is
structurally different from glutamate-bound DEBP, which
is well represented by the closed conformation of the
crystal structure 2VHA. The PCSs measured with the Tb3?
tag have less discriminative value (Q = 0.06 both in the
presence and absence of glutamate; Table 2; Fig. 5b),
which may be attributed to the small number of PCSs
obtained with this lanthanide. Setting the v6 angle of the
AzF-C3 residue to 0o instead of 180o resulted in a metal
position shifted by about 4.6 A˚, but the Q factors hardly
changed in 5-parameter fits corresponding to Fits I and IV
of Table 1 (Q = 0.05 and 0.09, respectively), showing that
the results are insensitive to minor changes in metal posi-
tion. In a broader analysis, it is instructive to compare the
PCS data between substrate-free and glutamate-bound
DEBP by grouping them into intra- and inter-domain PCSs.
The general metal position established relative to DEBP
in the closed conformation provides a valuable reference
point for a qualitative PCS analysis. If the large and small
domains of DEBP move apart in the absence of glutamate,
one would expect that the intra-domain PCSs remain the
Table 1 Dv tensor parameters determined for DEBP N146AzF-C3-
Tm3?
PCS data With glutamate Without glutamate
Fit no. I IIa III IV
Fitted parametersb 5 5 8 5
Dvax/(10
-32 m3) -7.9 (2.6) -5.8 -6.2 -7.4
Dvrh/(10
-32 m3) -2.1 (0.9) -2.6 -2.7 -3.8
a/ 85 (32) 50 71 109
b/ 151 (14) 135 143 154
c/ 79 (44) 32 23 120
x/A˚ 26.073c 26.073c 19.602 26.073c
y/A˚ 53.181c 53.181c 47.460 53.181c
z/A˚ 7.767c 7.767c 7.471 7.767c
Quality factord 0.06 0.06 0.03 0.10
The Dv tensor fits used the crystal structure 2VHA (Hu et al. 2008)
and all eleven PCSs of Table S2 unless mentioned otherwise. Fits I–
III used the PCSs measured in the presence of glutamate and Fit IV
used the PCSs measured in the absence of glutamate as indicated. The
fits were performed using the program Numbat (Schmitz et al. 2008).
To account for the error in chemical shift measurements, an uncer-
tainty of 0.01 ppm was attributed to each PCS in the input. Error
estimates (in brackets) were obtained by randomly omitting 20 % of
the PCSs from the input in a Monte Carlo protocol. In the case of Fit
III, the number of PCSs was insufficient to calculate error estimates in
this way. In the case of Fit IV, sign changes of the Dv tensors due to
axes swaps produced artificially large standard deviations
a Same fit as Fit I, except omitting the PCSs of Val133 and Val134
b Fits were performed with and without constraining the metal
position, resulting in 5- and 8-parameter fits, respectively. In the
5-parameter fits, the origin of the Dv tensor was fixed at the metal
position identified by modelling the AzF-C3-Tm3? residue onto the
coordinates of the structure 2VHA (using the mutation tool of
PyMOL to determine the v1 and v2 angles and setting v6 = 180
o).
The 8-parameter fit included determination of Dvax, Dvrh, the Euler
angles a, b, and c, and the metal coordinates x, y, and z
c Coordinates of the metal position used for fixing the origin of the
Dv tensor
d Quality factor Q calculated as the root mean square (r.m.s.) of the
differences between experimental and back-calculated PCSs divided
by the r.m.s. of the experimental PCSs. The reported value is for the
best fit
Table 2 Dv tensor parameters determined for DEBP N146AzF-C3-
Tb3?
PCS data With glutamate Without glutamate
Dvax/(10
-32 m3) 14.3 (4.4) 13.1 (4.4)
Dvrh/(10
-32 m3) 5.5 (1.8) 5.4 (1.8)
a/ 58 (7) 56 (5)
b/ 128 (6) 127 (5)
c/ 82 (11) 78 (8)
Quality factor 0.06 0.06
Determined by a 5-parameter fit to the crystal structure 2VHA (Hu
et al. 2008), using the PCSs of Table S3 and constraining the metal
position to the coordinates x = 26.073, y = 53.181, z = 7.767 as in
Table 1. See footnote d of Table 1 for the definition of the quality
factor. Error estimates (in brackets) were calculated by random
omission of two of the eight PCSs
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same, while the inter-domain PCSs decrease. This was
indeed observed (Fig. 6). The Tm3? data showed that,
except for the PCS of V143, all of the intra-domain PCSs
were slightly larger in the absence of glutamate, indicating
a slightly changed but overall conserved Dv tensor. At the
same time, the inter-domain PCSs dropped, especially for
residues 95, 76 and 70, which are furthest from the two b-
strands that define the putative hinge between the two
domains (Fig. 6a, b; while the uncertainties associated with
the PCSs of I70 were too large to make this change in PCS
magnitude significant, the change was significant when
Fig. 5 Correlation between experimental and back-calculated PCSs
in the presence of glutamate. Blue and red points correspond to intra-
domain and inter-domain PCSs, respectively. a Correlation for DEBP
N146AzF-C3-Tm3?. The back-calculation used the 5-parameter fit to
the structure 2VHA (Hu et al. 2008) with all eleven PCSs (Table S2),
fixing the origin of the Dv tensor at the modelled metal position
(Table 1). PCSs in the small and large domain of DEBP are in blue
and red, respectively. b Same as (a), except for DEBP N146AzF-C3-
Tb3?, using a 5-parameter fit with the eight PCSs of Table S3 and the
modelled metal position (Table 2). Note that the axes plot negative
PCSs
Fig. 6 Bar plots of the PCSs of amide protons of valine and
isoleucine residues in DEBP N146AzF ligated with C3-Tm3? or C3-
Tb3? tags. Blue bars identify PCSs in the small domain, while inter-
domain PCSs are highlighted in red. The estimated uncertainty in
PCSs is ± 0.01 ppm, except for I70 and I76 for which uncertainty
ranges are shown explicitly. The residues are sorted by increasing
distance of the amide protons from the metal ion (15–31 A˚). a PCSs
measured with the C3-Tm3? tag in the presence of glutamate. b Same
as (a), but showing the PCSs measured in the absence of glutamate.
c PCSs measured with the C3-Tb3? tag in the presence of glutamate.
Note that the vertical axis displays negative PCSs to facilitate
comparison with the data in (a, b). d Same as (c), but showing the
PCSs measured in the absence of glutamate
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considering ‘super-PCSs’ that compare the peak positions
observed with Tm3? and Tb3?, see Fig. S4 and below.)
The Tb3? data showed the same trends, with smaller
inter-domain PCSs (residues 95, 76, 70 and 28) in the
absence than in the presence of glutamate. Only three intra-
domain PCSs were observed, which increased slightly for
residues 177 and 202 but decreased for V110 in the sub-
strate-free protein. As V110 is next to V109 at the
boundary between the domains (Fig. 4c), it is plausible that
V110 can be affected by the conformational transition
between substrate-free and glutamate-bound protein. As
discussed above, V110 is among the residues showing the
largest chemical shift changes in the 15N-HSQC spectrum
in response to the presence or absence of glutamate.
The DEER data showed little evidence of this confor-
mational transition, suggesting instead that the same
(closed) conformation is predominantly populated in the
presence and absence of glutamate (Abdelkader et al.
2015). Even though the tag at position 146 is far from the
interface between the small and large domains, could the
changes in PCSs observed between substrate-free and
glutamate-bound DEBP arise from a small change in the
Dv tensor rather than from a structural change of the pro-
tein? As the metal site, V143, and V28 lie almost on the
same line in the closed conformation (Fig. 4c), no change
in tensor magnitude or orientation can explain how the PCS
of V28 could decrease when the PCS of V143 remains
unchanged, so long as the metal position relative to the
small domain does not change beyond the covalent con-
straints of the tag. Even though the decrease in the PCS of
V28 is small, it is significant. In the samples tagged with
Tm3? and Tb3?, the PCS changed by -0.025 and
0.09 ppm, respectively (Tables S2 and S3). These values
are outside the estimated uncertainty in measuring the
PCSs (about 0.01 ppm) derived from the signal-to-noise
dependent accuracy with which peak positions can be
determined in NMR spectra (Kontaxis et al. 2000).
Super-PCSs
PCSs are conventionally measured as chemical shift dif-
ferences between paramagnetic and diamagnetic samples,
but it is also possible to define ‘‘super-PCSs’’ as the dif-
ference in chemical shifts between two paramagnetic
samples. So long as the different metal ions are located at
the same position relative to the protein and the individual
Dv tensors are of the same size, a difference Dv-tensor can
be fitted to the super-PCSs, which is a tensor sum of the
individual Dv tensors of the different metal ions, in anal-
ogy to the additivity of alignment tensors produced by
simultaneous paramagnetic and steric alignment (Barbieri
et al. 2002). In the case of DEBP N146AzF-C3 loaded with
Tm3? or Tb3?, the individual Dv tensors did not have the
same size (Tables 1, 2) and we used the super-PCSs for
qualitative analysis rather than attempting to fit a difference
Dv-tensor. In contrast to the measurements of conventional
PCSs, which used untagged protein as the diamagnetic
reference, the super-PCSs had the added benefit of com-
paring two tagged proteins that are chemically identical
apart from the identity of the lanthanide ion. Notably, use
of a diamagnetic tag such as, e.g., C3-Y3?, is useful only if
the ligation yields are sufficiently high to avoid overlap
between the peaks from tagged and untagged protein. Most
important, the 15N-HSQC cross-peaks moved in opposite
directions in the samples labelled with Tm3? or Tb3?,
making the corresponding super-PCSs larger than the
individual PCSs. In particular, the super-PCS of V28 was
greater than 0.1 ppm, i.e. tenfold greater than the estimated
uncertainty in peak position. While the presence of para-
magnetic lanthanide tags broadened the peaks of I70 and
I76, obscuring their exact PCS values, the super-PCSs of
both residues were clearly smaller in the absence than in
the presence of glutamate (Fig. S4). All available NMR
data thus indicate that a structural change occurs between
substrate-free and glutamate-bound DEBP, which involves
a displacement of the small and large domains of the
protein relative to each other.
Evidence for domain movements in the substrate-
free protein
While the PCSs indicate a conformational change between
the substrate-free and glutamate-bound forms of DEBP, it
proved difficult to model a single conformation that
explains the smaller inter-domain PCSs of substrate-free
DEBP. To assess the domain interface for mobility, we
inspected Ser72 and Ser90. Both are located at the domain
interface lining the ligand binding site. We assigned the
15N-HSQC cross-peaks of Ser72 and Ser90 by mutation to
alanine (Fig. S5). Both cross-peaks were weak in the
absence of glutamate, suggesting line broadening by
chemical exchange. This points to inter-domain move-
ments in substrate-free DEBP.
Discussion
Large proteins are difficult to analyse by solution NMR
spectroscopy not only because of signal overlap and broad
line widths, but also because of a tendency for reduced
solubility (if measured in terms of molarity). It is thus
attractive to extract structural information from lanthanide-
generated PCSs observed in sensitive and well-resolved
15N-HSQC spectra, especially as PCSs can report on con-
formations far from the tagging site, minimizing the pos-
sibility that the site of interest is perturbed by the probe.
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15N-HSQC spectra can be recorded of selectively 15N-la-
belled samples and assigned by site-directed mutagenesis.
In contrast to residual dipolar couplings, which are highly
sensitive to local changes in bond orientations and, with
only few backbone amides assigned, are difficult to inter-
pret in terms of global structural changes, the distance
dependence of PCSs offers a much clearer probe of inter-
domain movements. The interpretation of PCSs, however,
depends critically on the knowledge of the metal position,
which, in the case of the AzF-C3-Ln3? tag, can readily be
obtained from modelling and DEER experiments.
Determining the location of the metal ion
The C3-tag is ideal for site-specific attachment of lanthanides in
large proteins, as the tag can be ligated with AzF in a Cu(I)-
catalyzed click reaction and, in contrast to established lan-
thanide tags, is independent of the presence of cysteine residues
(Loh et al. 2013). Furthermore, recent DEER measurements
performed with DEBP showed that the conformation of an
AzF-C3-Ln3? residue that projects into solution can be accu-
rately predicted from the structural context of the neighbouring
residues by using the mutation tool of PyMOL (DeLano 2002)
and assuming that the v6 angle is 180while the lanthanide ion
is coordinated by the nearest nitrogen atom of the triazole ring
(Fig. 1; Abdelkader et al. 2015).
An important question is whether the positions of the
Gd3? ions identified in frozen solution by DEER experi-
ments are the same as in liquid solution at ambient tem-
perature. DEER experiments invariably yield distance
distributions rather than single distances, reflecting at least
in part the conformational variability of the tag and protein.
We usually model Gd3?-Gd3? distance distributions by a
simple rotamer library approach, in which all rotat-
able bonds are allowed to vary within a band around
preferential staggered conformations, without taking into
account explicit energy terms other than disallowing van
der Waals clashes with the protein (Yagi et al. 2011). The
distribution peak maxima determined in this way usually
agree very closely (within a couple of A˚) with DEER
measurements. As small energy differences between dif-
ferent conformations would matter even less at room
temperature, the distances derived from the maxima of the
distance distributions measured in the frozen state are very
likely maintained in liquid solution. The validity of this
assumption is supported by recent molecular dynamics
simulations of molecules without tag at about 300 K,
which were combined with rotamers of the metal tag based
on the accessible space. Very good agreement between the
DEER-derived distance distribution and the calculated one
was obtained for both Gd3?-Gd3? distances in double-
tagged DNA (Song et al. 2011) and Mn2?-Mn2? distances
in a helical peptide (Ching et al. 2015).
The AzF-C3-Gd3? residue is unusual in that the maxi-
mum of the Gd3?-Gd3? distance distribution can be pre-
dicted by a single tag conformation (Abdelkader et al.
2015). While the v1 and v2 angles of the AzF residue likely
remain restrained at room temperature, a solvent-exposed
tag would show fast rotations about the bond defined by the
v6 angle. In the present work, we assumed that the rotamer
with v6 = 180
o, which was identified as predominant by
DEER experiments, remains the most highly populated
rotamer. Between the cases of v6 = 0
o and 180o, the metal
would be displaced by only about 4.6 A˚. This is a much
smaller displacement than for conventional cysteine-bound
lanthanide tags (Shishmarev and Otting 2013; Abdelkader
et al. 2016).
The number of DEER measurements required to locate a
lanthanide ion relative to the protein of interest depends on
the agreement found between the modelled positions and
the experimental Gd3?-Gd3? distance measurements. In
general, if three distance measurements with a specific
AzF-C3-Gd3? residue agree with the expected distances
obtained by modelling, the modelled lanthanide position
can be considered to be highly reliable. In the case of
DEBP, only one out of six sites with AzF-C3-Gd3? resi-
dues positioned the lanthanide at an unexpected site, which
could be attributed to specific binding of the metal complex
to the protein (Abdelkader et al. 2015). If the initial mod-
elling fails to reproduce the measured distances, additional
sites would need to be tagged and distances measured to
identify the site(s), where modelling delivers the wrong
answer. This could be cumbersome, as each DEER dis-
tance measurement requires a new double-tagged protein
sample. In general, however, the requirement of as few as
three samples with Gd3? tags is an attractive alternative to
producing the multitude of selectively isotope-labelled
samples required to assign a sufficient number of NMR
signals by site-directed mutagenesis to enable the metal
position to be reliably determined by a full 8-parameter
Dv-tensor fit.
Conformational equilibria of substrate-free DEBP
The equilibrium between open and closed conformations of
E. coli periplasmic ligand binding proteins has previously
been investigated by solution NMR spectroscopy for the
maltose binding protein (Tang et al. 2007), the glutamine
binding protein (Bermejo et al. 2010), the histidine binding
protein (Chu et al. 2013), the siderophore binding protein
(Chu et al. 2014), and the ribose and glucose/galactose
binding proteins (Ortega et al. 2012). In the absence of
cognate substrates, the different proteins display very dif-
ferent equilibria between open and closed conformations,
ranging from exclusively open conformations to relative
domain orientations that are virtually identical to those of
48 J Biomol NMR (2016) 64:39–51
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the substrate-bound form. In many cases, the substrate-free
protein showed evidence for the co-existence of open and
closed conformations.
In the case of DEBP, the PCSs confirm that the gluta-
mate-bound protein assumes the closed structure observed
in the crystal structure of the S. flexneri homologue. In
contrast to the DEER data, which indicated that the closed
conformation is predominantly populated even in the
absence of glutamate (Abdelkader et al. 2015), the changes
in chemical shifts as well as PCSs indicate that the tran-
sition to the substrate-free protein involves a movement of
the domains as rigid entities relative to each other. As the
DEER experiments involved frozen solutions in the pres-
ence of 20 % glycerol to prevent ice crystal formation, it is
quite possible that the EPR conditions masked subtle
conformational equilibria present at room temperature. In
at least one other example, scarce PCSs measured in
solution contradicted low-temperature EPR measurements
(Skinner et al. 2015). To investigate the possibility of a
preference for the closed conformation at low tempera-
tures, we measured a 15N-HSQC spectrum of the gluta-
mate-free wild-type protein (labelled with 15N-valine) at
4 C, but found no evidence for a change in chemical shifts
towards those of the closed conformation. Similarly, the
addition of 20 % glycerol did not indicate an increase in
the population of the closed state at 25 C.
Different scenarios can be considered to try and recon-
cile the DEER and NMR data of substrate-free DEBP. (1)
The substrate-free protein populates a range of conforma-
tions that, on average, yield the same DEER distances as
the closed state. This is unlikely, as the peak maxima of the
inter-domain DEER distance distributions were highly
reproducible between samples with and without glutamate,
with less than 2 A˚ deviation and not showing any obvious
trend towards, on average, longer distances. Therefore, we
assume that the closed conformation exists in equilibrium
with one or more open conformations. (2) The closed state
is in equilibrium with an open conformation that is less
populated than the closed conformation. In DEER data,
conformations with populations below *25 % may be
difficult to detect unambiguously. Such a small population
of an open conformation, however, is difficult to reconcile
with the significant drop in inter-domain PCSs compared
with the closed state. To explain the magnitude in drop of
the inter-domain PCSs, they would have to change sign in
the open state, which would require a dramatic structural
change, considering that the Dv-tensor orientations found
in the closed state produce the same PCS sign for all valine
residues (Fig. 4c). (3) The closed state is less highly pop-
ulated at room temperature than under the frozen glass
conditions used for DEER measurements, and in equilib-
rium with one or several open conformations that, on
average, yield smaller PCSs. In this case, the PCSs would
indicate a greater average distance of the large domain
from the tag at room temperature compared to the frozen
state. Alternatively, inter-domain PCSs could be reduced
by lateral movements of the large domain relative to the
small domain without much opening of the domain inter-
face. Inter-domain movements in the substrate-free state
are supported by the line broadening observed for residues
at the domain interface.
For a rapid structural equilibrium where only a single set
of averaged NMR peaks can be observed, the first
approximation would be to interpret the data by a single
average conformation. If alternative conformations are
available from either crystallography, molecular dynamics
simulations or modelling, it is also possible to interpret the
PCS data by conformational ensembles, as has been
demonstrated in an exemplary manner for calmodulin and
complexes thereof with different peptides (Bertini et al.
2004; Bertini et al. 2010; Dasgupta et al. 2011; Nagulapalli
et al. 2012; Russo et al. 2013; Andrałojc´ et al. 2014). In the
case of substrate-free DEBP, modelling of the substrate-
free state by multiple structures is difficult in the absence of
good structural models and significantly more experimental
data.
Conclusion
PCSs induced by paramagnetic lanthanide tags are ideally
suited to detect structural rearrangements between rigid
domains, as they deliver long-range structural information
across the domain interface. In the case of the E. coli
aspartate/glutamate binding protein, all available NMR
data indicate that the release of glutamate is accompanied
by a global rather than local change in structure, involving
movements of the N- and C-terminal domains relative to
each other. This work demonstrates how the confluence of
several modern techniques make the analysis by PCSs
practical for a 32 kDa protein of limited solubility.
Preparation of the large number of selectively isotope-la-
belled samples required for resonance assignment by site-
directed mutagenesis is economical by cell-free protein
synthesis (Torizawa et al. 2004), especially since PCR-
amplified DNA can be used directly without prior
sequencing (Wu et al. 2007), and facile removal of the
release factor RF1 from the cell-extract enables high
incorporation yields of unnatural amino acids (AzF in the
present work; Loscha et al. 2012). The present work
highlights the fact that even scarce PCS data can already
reveal the telltale signs of global changes in conformation.
Moreover, determination of the metal position, which is of
critical importance for drawing structural conclusions from
PCSs, is greatly facilitated by an integrative approach,
J Biomol NMR (2016) 64:39–51 49
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which combines the PCSs with the exceptional capacity of
the AzF-C3-Ln3? tag to be modelled with high accuracy,
as well as with experimental verification of the metal
position by a small number of distances measured by
DEER experiments.
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Luminescence lifetime measurements 
Lifetime measurements were performed on a Varian Cary Eclipse fluorescence 
spectrophotometer using a 1 cm path length quartz cuvette and the following settings: total 
decay time = 30 ms, number of flashes = 1, delay time = 0.1 ms, gate time = 0.1 ms, 
excitation slit width = 5 nm, emission slit width = 5 nm, number of cycles  = 100. Samples 
were prepared at 10 µM concentration in both H2O and D2O. Samples were excited at their 
respective λmax: 287 nm for Tb-L1 and 300 nm for “clicked” Tb-L1. Emission intensity was 
recorded at 543 nm. The resulting luminescence decay curves were fitted to following 
equation using the SigmaPlot software: 
It = I0 * exp(-t/τ) 
where It is the intensity at time t after the excitation flash, I0 is the initial intensity at t = 0, and 
τ is the luminescence lifetime. 
	  	   3	  
	  
Figure S1. Luminescence decay for Tb-L1 in H2O; τ = 1.95 ms. Experimental data points are 
marked by crosses (with only one in every four data points shown to aid clarity) and the fitted 
curve is shown as a solid gray line. 
 
 
Figure S2. Luminescence decay for Tb-L1 in D2O; τ = 3.51 ms. Experimental data points are 
marked by crosses (with only one in every four data points shown to aid clarity) and the fitted 
curve is shown as a solid gray line. 
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  802.83*exp(-­‐t/1.95)	  
It	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  579.92*exp(-­‐t/3.51)	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Figure S3. Luminescence decay for clicked Tb-L1 in H2O; τ = 2.95 ms. Experimental data 
points are marked by crosses (with only one in every four data points shown to aid clarity) 
and the fitted curve is shown as a solid gray line. 
 
	    
Figure S4. Luminescence decay for clicked Tb-L1 in D2O; τ = 3.25 ms. Experimental data 
points are marked by crosses (with only one in every four data points shown to aid clarity) 
and the fitted curve is shown as a solid gray line. 
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Luminescence of labeled protein samples 
 
 
Figure S5. Photograph of spin-dialyzed solutions of labelled DEBP samples (ca. 10 µM in 
H2O) irradiated with a common laboratory TLC lamp (254 nm): (i) DEBP-Q80AzF+Tb-L1, (ii) 
DEBP-Q80AzF+Tb-L2, (iii) DEBP-Q80AzMF+Tb-L1, (iv) DEBP-Q80AzMF+Tb-L2. 
 
 
Figure S6. Luminescence emission spectra of DEBP-Q80AzF+Tb-L1 (ca. 10 µM in H2O) 
excited at 300 nm (dashed line) and DEBP-Q80AzF+Tb-L2 (ca. 10 µM in H2O) excited at 274 
nm (solid line). 
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Figure S7. Luminescence emission spectra of DEBP-Q80AzMF+Tb-L1 (ca. 10 µM in H2O) 
excited at 300 nm (dashed line) and DEBP-Q80AzMF+Tb-L2 (ca. 10 µM in H2O) excited at 
274 nm (solid line). 
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NMR spectra of reported compounds 
 
 
Figure S8. 1H and 13C NMR spectra of 2 in CDCl3. 
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Figure S9. 1H and 13C NMR spectra of 3 in CDCl3. 
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Figure S10. 1H and 13C NMR spectra of H3L1 in MeOD. 
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Figure S11. 1H and 13C NMR spectra of 5 in CDCl3. 
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Figure S12. 1H and 13C NMR spectra of 6 in CDCl3. 
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Figure S13. 1H and 13C NMR spectra of 7 in CDCl3. 
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Figure S14. 1H and 13C NMR spectra of H4L2 in MeOD. 
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LC traces for ligands 
 
Figure S15. LC trace for H3L1. 
 
Figure S16. LC trace for H4L2. 
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LC traces for terbium(III) complexes 
 
Figure S17. LC trace for Tb-L1. 
 
Figure S18. LC trace for Tb-L2. 
 
Figure S19. LC trace for clicked Tb-L1. 
 
Figure S20. LC trace for clicked Tb-L2. 
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Generation of Pseudocontact Shifts in Proteins with Lanthanides
Using Small “Clickable” Nitrilotriacetic Acid and Iminodiacetic
Acid Tags
Choy-Theng Loh,[a] Bim Graham,[b] Elwy H. Abdelkader,[a] Kellie L. Tuck,[c] and
Gottfried Otting*[a]
Abstract: Pseudocontact shifts (PCS) induced by paramag-
netic lanthanide ions provide unique long-range structural
information in nuclear magnetic resonance (NMR) spectra,
but the site-specific attachment of lanthanide tags to pro-
teins remains a challenge. Here we incorporated p-azido-
phenylalanine (AzF) site-specifically into the proteins ubiqui-
tin and GB1, and ligated the AzF residue with alkyne deriva-
tives of small nitrilotriacetic acid and iminodiacetic acid tags
using the CuI-catalysed “click” reaction. These tags form lan-
thanide complexes with no or only a small net charge and
produced sizeable PCSs with paramagnetic lanthanide ions
in all mutants tested. The PCSs were readily fitted by single
magnetic susceptibility anisotropy tensors. Protein precipita-
tion during the click reaction was greatly alleviated by the
presence of 150 mm NaCl.
Introduction
Paramagnetic NMR spectroscopy provides valuable information
for studies of the structure and dynamics of biomolecules.
Among the paramagnetic effects that can be measured by
NMR spectroscopy, pseudocontact shifts (PCS) generated by
lanthanide ions present particularly useful structural informa-
tion.[1] PCSs contain information about the spatial location of
observed nuclear spins relative to a lanthanide ion, and this in-
formation can be obtained for nuclear spins as far as 40 
from the lanthanide ion.[2] PCSs are easily measured as the dif-
ference in chemical shifts between diamagnetic and paramag-
netic samples.
In order to obtain PCSs from a lanthanide ion it needs to be
attached to the protein in a site-specific manner. Intense ef-
forts over the last decade have produced a range of lantha-
nide-binding tags (LBT) for site-specific covalent attachment.
Most LBTs are designed to bind to cysteine residues via forma-
tion of disulfide bonds[3] or, less frequently, thioethers.[4] These
LBTs rely on the absence of competing cysteine residues, usu-
ally requiring the removal of naturally occurring cysteine resi-
dues before the introduction of one or two new cysteine resi-
dues in the protein by site-directed mutagenesis. In many
cases, however, eliminating naturally occurring cysteine resi-
dues has proven difficult as alternative amino acids can severe-
ly destabilize a protein, although disulfide bonds may be com-
patible with activated LBTs as shown in a recent report.[5]
Single cysteine residues often also play critical functional roles
in enzymes and metalloproteins.
An alternative approach is presented by the fusion of a lan-
thanide-binding peptide (LBP) to the C or N termini of the
target protein,[6,7] but this limits the metal ion position to sites
near the N or C terminus of the protein. More importantly, it is
difficult to produce LBP fusions that immobilize the metal ion
position relative to the protein. The importance of immobiliza-
tion is apparent in the equation governing the PCS of a nuclear
spin [Eq. (1)]:
DdPCS ¼ 1=ð12pr3Þ½Dcaxð3 cos2q1Þ þ 1:5Dcrh sin2q cos2f ð1Þ
where DdPCS is the PCS (measured in ppm), r is the distance of
the nuclear spin from the metal ion, Dcax and Dcrh are the axial
and rhombic components of the magnetic susceptibility anisot-
ropy (Dc) tensor, and q and f are the polar angles describing
the position of the nuclear spin with respect to the principal
axes of the Dc tensor.[8] Equation (1) shows that PCSs can be
positive or negative. As the Dc tensor is associated with the
metal ion, reorientational movements of the metal complex rela-
tive to the target protein easily average the PCSs observed in
the protein to zero. More critically, the distance dependence of
the PCS implies that, strictly speaking, the PCS data can no
longer be interpreted by a single Dc tensor, if the metal ion un-
dergoes translational movements relative to the protein.[9]
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It has been shown that, with prior knowledge of the protein
structure, improved immobilization of the lanthanide can be
achieved by tying the LBP to the protein not only by an N- or
C-terminal fusion but also by an additional disulfide bond.[7]
This, however, reintroduces the dependence on single-cysteine
mutants. Furthermore, the quality of the paramagnetic NMR
spectra depends on the length of the polypeptide that links
tag and protein.[6c,7a] To circumvent these problems, LBPs have
been engineered into solvent-exposed protein loops, but few
protein loops are amenable to this approach and the protein
structure must be known in detail.[10]
To overcome such limitations, a more versatile strategy has
recently been established that relies on the site-specific incor-
poration of an unnatural amino acid with a uniquely reactive
chemical group, allowing subsequent ligation of a tag mole-
cule in a specific “bio-orthogonal” chemical reaction.[11] The in-
corporation of the unnatural amino acid into a protein can
readily be achieved by site-directed mutagenesis to introduce
an amber stop codon (UAG) at the desired position in the
gene of the target protein. Many orthogonal tRNA/aminoacyl-
tRNA synthetase pairs have been evolved from Methanocaldo-
coccus jannaschii genes by Schultz and co-workers, which se-
lectively decode the amber stop codon for different unnatural
amino acids.[12] In the first demonstration of this strategy for
the generation of PCSs, we attached two different cyclen-
based LBTs (“C3- and C4-tags”) to p-azido-l-phenylalanine (AzF)
using an orthogonal tRNA/aminoacyl-tRNA synthetase pair spe-
cific for AzF[13] and CuI-catalysed click chemistry.[14] These tags
delivered good PCSs but more often than not resulted in im-
perfect correlations between experimental and back-calculated
PCSs, which can be attributed to variable metal ion positions,
owing to multiple tag conformations and a long tether be-
tween the lanthanide and the protein backbone.
In the present work, we explored a new set of LBTs for liga-
tion to AzF in a CuI-catalysed click reaction. To achieve rigid
positioning of the lanthanide ion relative to the protein, these
tags retain free coordination sites on the lanthanide ion to
allow additional coordination by a side-chain carboxyl group
of a natural amino acid (glutamate or aspartate) of the protein.
The concept of recruiting a side-chain carboxyl group for addi-
tional coordination to a lanthanide has previously been used
successfully with iminodiacetic acid and nitrilotriacetic acid
tags with thiol groups (IDA-SH and NTA-SH, respectively) at-
tached to cysteine residues in a-helices.[3p,q,15] Here we used
IDA and NTA tags with alkyne functional groups for ligation
with AzF (Scheme 1). In the presence of a CuI catalyst, the
alkyne group of the tags undergoes a 1,3-dipolar cycloaddition
reaction with the AzF residue in the protein to form a triazole-
LBT. Apart from the CaCb bond of the AzF residue, bond rota-
tions in the tether of the reaction product change the position
of the lanthanide only to a limited degree, despite large
changes in its orientation. Therefore, the new tags perform re-
markably well in generating PCSs that can be accurately inter-
preted by a single effective Dc tensor, even without immobili-
zation by additional coordination to a side-chain carboxyl
group of the protein.
In addition, the present work uncovered a beneficial effect
of NaCl in preventing protein precipitation during the click re-
action.
Results
Synthesis of the alkyne-NTA and alkyne-IDA tags
The alkyne tags have been described previously in the context
of other applications, and were prepared according to the re-
ported literature methods with only minor variations.[16]
Synthesis of proteins with AzF
Experiments were performed with two different AzF mutants
of uniformly 15N-labelled human ubiquitin (at positions 18 and
66) and three different mutants of uniformly 15N-labelled GB1
(at positions 6, 21 and 44), resulting in the mutants Ubi-
E18AzF, Ubi-T66AzF, GB1-I6AzF, GB1-V21AzF and GB1-T44AzF,
respectively. All mutants were prepared in vivo following trans-
formation of E. coli BL21(DE3) with a T7 vector containing the
gene of the target protein and the pEVOL vector to express
the orthogonal tRNA/aminoacyl-tRNA synthetase pair for incor-
poration of AzF (see Experimental Section).
Tagging of proteins
The ligation reaction between tag and AzF was performed at
room temperature with tenfold excess of alkyne tag with the
help of copper sulfate, BTTAA, sodium ascorbate, glycerol and
aminoguanidine. BTTAA is a CuI-binding ligand that has been
Scheme 1. Schematic representation of the CuI-catalysed cycloaddition reac-
tion of a p-azido-l-phenylalanine residue in a protein with: A) alkyne-NTA,
B) alkyne-IDA1 and C) alkyne-IDA2 tags. In all three reaction products, a 1808
flip around the bond between the phenylene and triazole rings would lead
to a displacement of the metal ion bound to the NTA or IDA moiety. To
model the conformations of the tags, the two bonds following the triazole
ring were also assumed to be rotatable.
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shown to enhance the yields of CuI-catalysed click reac-
tions.[14, 17] Aminoguanidine has been reported to prevent pro-
tein degradation by by-products of ascorbate oxidation.[14,18]
Judged by the cross-peak intensities observed in 15N HSQC
spectra of the proteins recorded in the presence of paramag-
netic lanthanides, the yields of tagged protein varied between
54 and 78%, with an average of 64%. Mass spectrometric anal-
ysis indicated that complete ligation yields were prevented by
partial reduction of the azido group of the AzF residue to an
amino group during protein expression. The degree of reduc-
tion varied strongly between different AzF sites (Figure S3 in
the Supporting Information).
While the click reaction proceeded without precipitation in
the case of the ubiquitin samples, the reaction conditions re-
sulted in partial precipitation of the GB1 mutants. We noted
that the precipitation could be suppressed by the presence of
150 mm NaCl without any negative impact on the ligation
yields. Consequently, all GB1 samples were ligated in the pres-
ence of 150 mm NaCl.
To explore the general validity of the salt effect, we also in-
vestigated AzF mutants of ERp29,[19] PpiB,[20] the intracellular
domain of the p75 neurotrophin receptor (p75ICD)[21] and the
West Nile virus NS2B-NS3 protease (WNVpro)[22] with respect to
precipitation during the ligation reaction. All four proteins con-
tained a C-terminal His6-tag to facilitate the separation of full-
length protein containing AzF from truncation products arising
from recognition of the amber stop codon by release factor 1.
The mutants were ERp29 S114AzF, PpiB H147AzF, p75ICD
C416AzF and WNVpro H87AzF. All of them precipitated during
the ligation reaction in the absence of salt. Like for GB1, salt
suppressed precipitation of the PpiB and ERp29 mutants. For
the p75ICD and WNVpro mutants, however, quantitative pre-
cipitation was observed even in the presence of salt. To probe
whether the His6-tag contributed to the precipitation, a con-
struct of the WNVpro mutant was prepared, which allowed re-
moval of the C-terminal His6-tag by cleavage with TEV pro-
tease. The resulting protein still precipitated during the ligation
reaction. To probe whether the cysteine residue in WNVpro
(Cys78) could cause the precipitation, we made the double-
mutant H87AzF/C78V. This construct still precipitated. Remov-
ing, in addition, the C-terminal His6-tag with TEV protease,
however, greatly alleviated precipitation in the presence of
150 mm NaCl. These results point to His6-tags as well as cys-
teine residues as triggers of precipitation, possibly due to coor-
dination to copper. Nonetheless, salt suppressed precipitation
of PpiB and ERp29 even though these proteins contained His6-
tags and cysteine residues.
PCS measurements
Pronounced PCSs were observed when Tm3+ or Tb3+ were
added to the tagged AzF–proteins. Figure 1A and B show the
results for two of the ubiquitin mutants, Ubi-E18AzF and Ubi-
T66AzF, following ligation with the alkyne-NTA tag and loading
with either diamagnetic Y3+ or paramagnetic Tm3+ or Tb3+ .
The examples shown in Figure 1C and D are of two of the GB1
mutants, GB1-V21AzF and GB1-T44AzF, with alkyne-IDA1 and
alkyne-IDA2 tag, respectively. Single resonances were observed
for each backbone amide in the paramagnetic states, indicat-
ing that the tags did not produce diastereomers with the pro-
tein,[3d,23] although the coordination of the lanthanide ion is, in
principle, chiral. This observation is in agreement with previous
results on PCSs from NTA- and IDA-tags tied to the protein via
disulfide bonds.[3p,q,15] The apparent absence of diastereomers
can be attributed to rapid interconversion of any different
enantiomeric forms of the lanthanide complexes.
For most amides, the PCSs generated by Tm3+ and Tb3+
shifted the 15N HSQC cross-peaks in opposite directions, facili-
tating the assignment of an initial set of cross-peaks in the
paramagnetic samples. Further cross-peak assignments in the
paramagnetic states used the initial set of PCSs to fit Dc ten-
sors to the respective protein crystal structures and predict the
PCSs of the remaining amide protons, leading to iterative as-
signment of the amide cross-peaks in the paramagnetic states
and refined Dc tensors. PCSs were measured for amide proton
chemical shifts only, avoiding the significant residual anisotrop-
ic chemical shift effects associated with 15N nuclei.[24]
Identification of the metal position
While Dc tensor fits readily deliver the metal ion coordinates
that best explain the PCSs observed in the protein, mobility of
the metal complex relative to the protein can result in chemi-
cally unrealistic metal ion coordinates when a fit with a single
effective Dc tensor is attempted. The magnitude of the fitted
tensor is in turn sensitive to the metal ion position. For exam-
ple, if the paramagnetic centre is positioned far from the pro-
tein, the fit of the experimental PCSs requires a correspondingly
large Dc tensor.[9] To restrain the tensor magnitudes, we re-
strained the metal ion coordinates to positions compatible
with the covalent structure of the tag. The best fit was identi-
fied as the fit that best explained the PCSs using a large set of
metal ion positions modelled by a rotamer library approach.
The rotamer library was established by systematically changing
the dihedral angles of the rotatable bonds of the tag identified
in Scheme 1. The Dc tensors were fitted to each model for
which the tag rotamer was sterically compatible with the pro-
tein structure.
Table 1 shows the Dc tensor parameters obtained with
alkyne-NTA tags loaded with Tb3+ and Tm3+ for two different
ubiquitin AzF mutants and three different GB1 AzF mutants.
The axial tensor values were generally larger than those ob-
served previously for proteins with thiol-NTA tags.[3q,15] The
large tensor magnitudes suggest that either the conformation
of the AzF-alkyne-NTA conjugate is relatively rigid or the vicini-
ty of the triazole increases the magnitude of the Dc tensor.
The V21AzF and T44AzF mutants of GB1 produced Dcax and
Dcrh components of the same sign as the ubiquitin mutants
above, albeit with greater magnitude. The larger quality factors
indicate that the tensor fits are not as good for these mutants,
suggesting greater metal ion movements. For the I6AzF
mutant, the quality factors are also quite large and the tensors
show inverted signs, suggesting even greater metal ion move-
ments.
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The same three mutants of GB1 were also ligated with the
alkyne-IDA1 and alkyne-IDA2 tags. Among the tensor fits
(Table 2), only the T44AzF mutant with IDA1 tag combined
small quality factors for both lanthanides with Dc tensor
magnitudes that are in the range of literature values for
IDA tags (about 201032 m3 for Tb3+ and 101032 m3 for
Tm3+).[3q,15,28]
The reliability of the metal ion position found by the rota-
mer library approach was assessed by comparison with the
metal ion coordinates found by a full Dc tensor fit that includ-
ed the metal ion coordinates as fitting parameters. A small
shift in the best-fitting metal ion coordinates between both fit-
ting approaches indicates a reliable metal ion position, pre-
senting evidence for metal immobilization.[9] In the case of
Ubi-E18AzF and Ubi-T66AzF ligated with the alkyne-NTA tag,
the metal ion positions determined by the full Dc tensor fit
were within 1.2  from the positions determined by the rota-
mer library approach, confirming the metal ion locations. In
contrast, all GB1 mutants with alkyne-NTA tag displayed metal
shifts of at least 4.2  between the positionally restrained and
unrestrained fitting approaches. Among the GB1 mutants with
alkyne-IDA1 and alkyne-IDA2 tags, metal ion shifts <2.5 
were obtained only for the mutants I6AzF and T44AzF.
Immobilization of the metal ion
Figure 2 shows that the Dc
tensor fits located the lantha-
nide ions as close as 4.8 and
1.7  from the side-chain car-
boxyl groups of Glu16 on Ubi-
E18AzF and Glu64 on Ubi-
T66AzF, respectively. This sug-
gests that these glutamate side
chains occupy some of the re-
maining coordination sites of
the lanthanide ion, assisting its
immobilization. Unique loca-
tions of the metal ion are also
supported by small values of
the quality factors, indicating
the validity of fitting the PCSs
with a single Dc tensor. Meas-
urements of the residual dipolar
couplings (RDC) between amide
nitrogen atoms and amide pro-
tons on a 800 MHz NMR spec-
trometer, however, indicated
that the lanthanide ions re-
tained residual mobility : the
RDC values ranged from 5.1
to 4.1 Hz for Ubi-E18AzF and
4.1 to 4.2 Hz for Ubi-T66AzF li-
gated with alkyne-NTA-Tm3+
tag and thus are smaller than
the maximal RDC of about
6.5 Hz expected for Dcax=
121032 m3. Therefore, addi-
tional interactions of the lanthanide ion with side-chain car-
boxyl groups of the protein may be an important aid in immo-
bilizing the lanthanide ion but they are not sufficient to ach-
ieve complete immobilization. Notably, however, modelling in-
dicated that the Ubi-T66AzF mutant could accommodate the
tag in two different c1 rotamers, but the c1 rotamer found ex-
perimentally corresponds to the one that placed the lantha-
nide in proximity of a negatively charged side chain.
Compared with the ubiquitin mutants containing AzF with
alkyne-NTA tag, the corresponding GB1 constructs displayed
greater variability in tensor signs (GB1-I6AzF; Table 1), generally
larger quality factors, and less conserved lanthanide ion posi-
tions, when full Dc tensor fits were compared with rotamer li-
brary-restricted fits (Table 1). This indicates that the metal ion
was not well immobilized in the GB1 mutants with alkyne-NTA
tag. Indeed, the best Dc tensor fits obtained in the rotamer-li-
brary approach did not place the lanthanide ion sufficiently
close to any of the carboxyl groups in the protein for direct co-
ordination.
Table 2 reports the Dc tensor fits for the same GB1 AzF mu-
tants, but with alkyne-IDA1 and alkyne-IDA2 tags. With two ex-
ceptions, no carboxyl group of the protein was near the lan-
thanide ion positions determined by the Dc tensor fits. The ex-
Figure 1. Superimposition of 15N HSQC spectra of 0.1 mm solutions of uniformly 15N-labelled AzF mutants of ubiq-
uitin and GB1 ligated with different NTA and IDA tags by CuI-catalysed click chemistry. Spectra of complexes with
diamagnetic Y3+ are in black, and with paramagnetic Tb3+ and Tm3+ in blue and red, respectively. All spectra
were measured in 50 mm HEPES buffer, pH 7.0, at 25 8C on a 600 MHz NMR spectrometer equipped with a cryop-
robe. Selected pairs of cross-peaks in the diamagnetic and paramagnetic samples are connected by lines and la-
belled with their resonance assignments. A) Ubi-E18AzF ligated with alkyne-NTA tag, B) Ubi-T66AzF ligated with
alkyne-NTA tag, C) GB1-V21AzF ligated with IDA1 tag, D) GB1-T44AzF ligated with alkyne-IDA2 tag.
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ceptions are the mutants I6AzF and T44AzF with alkyne-IDA1
tag, with distances from the nearest carboxyl oxygen of the
protein of 5  from Glu15 and 4.6  from Glu42, respectively,
based on the crystal structure 1PGA.[27] Potentially, this sug-
gests some immobilization of the tag due to electrostatic at-
traction with the positively charged IDA–lanthanide complex.
GB1-I6AzF with alkyne-IDA1 tag, however, produced Dc ten-
sors of Tb3+ and Tm3+ with unexpected relative magnitudes
and the quality factors were not particularly small (Table 2),
suggesting that the metal may not be well immobilized after
all. For all other constructs with alkyne-IDA1 or alkyne-IDA2
tag, no protein carboxyl group seems capable of stably coordi-
nating the lanthanide ion and significant translational move-
ments of the lanthanide are indicated by unexpected tensor
magnitudes or signs, large quality factors, or metal ion posi-
tions strongly depending on whether the Dc tensor fit was re-
strained by a rotamer library or not.
Most importantly, every single AzF mutant of ubiquitin and
GB1 prepared produced a good,
or at least acceptable, correla-
tion between back-calculated
and experimental PCSs, in par-
ticular for the samples ligated
with the alkyne-IDA1 tag
(Figure 3 and Figure S1 in the
Supporting Information). There-
fore, the PCSs measured with
alkyne-NTA and alkyne-IDA tags
ligated to AzF residues are
highly suitable for generating
structural restraints.
Discussion
Protein tagging using AzF
The overwhelming majority of
LBTs produced to date for site-specific attachment to proteins
make use of one or two cysteine residues as the chemically
most reactive site in a target protein.[1f,29] Tagging of proteins
Table 1. The Dc tensor parameters of AzF mutants of ubiquitin and GB1
with alkyne-NTA tag loaded with Tb3+ and Tm3+ .[a]
Protein[b] Dcax Dcrh Q
[c] d [][d]
Ubi-E18
Tb3+ 17.6 (0.5) 7.4 (0.2) 0.14
Tm3+ 8.5 (0.2) 0.9 (0.1) 0.11 1.2
Ubi-T66
Tb3+ 12.4 (0.1) 2.7 (0.1) 0.06
Tm3+ 8.7 (0.1) 2.6 (0.2) 0.03 1.0
GB1-I6
Tb3+ 7.2 (0.4) 3.7 (0.3) 0.27
Tm3+ 5.8 (0.3) 1.9 (0.2) 0.24 4.4
GB1-V21
Tb3+ 20.5 (0.8) 10.9 (0.3) 0.09
Tm3+ 16.3 (1.7) 7.8 (1.2) 0.15 4.2
GB1-T44
Tb3+ 22.7 (5.5) 11.3 (3.2) 0.10
Tm3+ 14.3 (1.3) 3.3 (1.0) 0.18 102
[a] The axial and rhombic components of the Dc tensors are given in
1032 m3 and the Euler angles in degrees, using the zyz convention and
unique tensor representation.[25] The metal coordinates and tensor pa-
rameters for the ubiquitin and GB1 mutants are reported relative to the
first conformer of the NMR structure of ubiquitin (PDB ID: 1D3Z)[26] and
relative to the crystal structure of GB1 (PDB ID: 1PGA),[27] respectively. Fits
were performed using a rotamer library to identify all conformationally
possible metal ion positions. In a second step, Dc tensors were fitted
using the PCS data measured with Tb3+ and Tm3+ . Standard deviations
(in brackets) were determined from fits obtained by using the same
metal ion position while randomly omitting 10% of the PCS data. [b] The
sites of AzF incorporation are indicated. [c] Quality factors were calculated
as the root-mean-square deviation between experimental and back-calcu-
lated PCSs divided by the root-mean-square of the experimental PCSs.
[d] The distance, d, reports the shift in the metal ion position between
the full Dc tensor fit, obtained by including the metal ion coordinates
among the parameters to be fitted, and the Dc tensor fit that restrained
the metal coordinates to those found in the rotamer library as described
in footnote [a] .
Table 2. The Dc tensor parameters of AzF mutants of GB1 with alkyne-IDA1 and alkyne-IDA2 tags loaded with
Tb3+ and Tm3+ .[a]
Protein[b] Dcax Dcrh Q
[c] d [][d] Dcax Dcrh Q
[c] d [][d]
alkyne-IDA1 tag alkyne-IDA2 tag
GB1-I6
Tb3+ 24.5 (2.2) 11.0 (1.6) 0.12 24.5 (1.5) 8.5 (0.8) 0.16
Tm3+ 4.0 (0.1) 0.9 (0.1) 0.12 1.0 10.3 (0.3) 5.8 (0.4) 0.16 0.9
GB1-V21
Tb3+ 31.5 (1.3) 12.4 (0.3) 0.03 46.2 (5.4) 24.1 (3.8) 0.18
Tm3+ 17.7 (0.4) 9.4 (0.2) 0.08 11 13.0 (1.2) 7.8 (0.8) 0.11 18
GB1-T44
Tb3+ 16.9 (0.2) 1.5 (0.6) 0.07 12.9 (0.1) 3.5 (0.6) 0.04
Tm3+ 12.8 (0.1) 4.1 (0.6) 0.06 2.5 4.3 (3.5) 2.7 (1.9) 0.13 3.8
[a–d] See footnotes of Table 1.
Figure 2. Models of AzF mutants of Ubi-E18AzF and Ubi-T66AzF ligated with
alkyne-NTA tag. The models display the first conformer of the NMR struc-
tures of human ubiquitin (PDB ID: 1D3Z)[26] after modelling the tag on the
protein and performing a comprehensive search of the rotamer space to
find the best Dc tensor compatible with any of the tag models. The tags
and nearby glutamate residues are shown in a stick representation. A col-
oured version of the Figure is shown in the Supporting Information (Fig-
ure S1 in the Supporting Information). A) Ubi-E18AzF. The metal ion is within
4.8  of the nearest carboxyl oxygen of Glu16. B) Ubi-T66AzF. The metal ion
is within 1.7  of the nearest carboxyl oxygen of Glu64.
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containing cysteine residues, however, requires independence
of sulfur chemistry. The present work demonstrates that
alkyne-NTA and alkyne-IDA tags can be ligated with p-azido-
phenylalanine in a CuI-catalysed cycloaddition reaction to pro-
duce the smallest LBTs yet available that use an unnatural
amino acid for site-specific incorporation. Despite the fairly
long tether created in the reaction between protein backbone
and paramagnetic centre, good correlations between back-cal-
culated and experimental PCSs were obtained, even without
the additional immobilization that could be gained by coordi-
nation of the lanthanide ion by a carboxyl group of an amino-
acid side chain in the protein. This suggests that the genera-
tion of PCSs by these tags is robust, making them suitable for
a wide range of proteins.
Drawbacks of the copper-catalysed ligation reaction include
protein precipitation during the reaction and incomplete liga-
tion yields due to reduction of the azido group in the E. coli cy-
tosol. The reduction to an amino group was unexpected, as no
reduction was observed in the first report of the orthogonal
tRNA/tRNA-synthetase system for AzF.[13a] Azido groups on ali-
phatic side chains are known to be prone to partial reduction
in the reducing environment of E. coli cells.[30] In our hands, all
protein samples displayed some degree of reduction of AzF,
which depended on the site of incorporation (Figure S3 in the
Supporting Information). Regardless, the final overall ligation
yields were greater than 50% in all mutants investigated in the
present work, allowing straightforward measurements of PCSs.
Protein precipitation during the ligation reaction is a problem
that we observed in the course of copper-catalysed cycloaddi-
tion reactions for other proteins as well. Among the proteins
tested, precipitation appears to be more severe for proteins
that can coordinate copper by His6-tags or cysteine residues
and that are prone to irreversible denaturation. Experimentally
we found that the addition of 150 mm NaCl can suppress the
precipitation in many cases.
It has been shown that p-ethynylphenylalanine can also be
incorporated into proteins by an orthogonal tRNA/tRNA-syn-
thetase system.[13b] This amino acid would be inert towards in-
tracellular reducing conditions, and an NTA or IDA tag with an
azide group could yield the same final product as the reaction
schemes of Scheme 1. Unfortunately, the synthesis of NTA and
IDA tags with azide groups would be much more demanding.
Representing PCSs by a single effective Dc tensor
Excessive mobility of a lanthanide-binding tag can compromise
its utility. Ultimately, to produce useful structural restraints, par-
amagnetic LBTs must generate sizeable PCSs, and back-calcu-
lated and observed PCSs must correlate closely. So long as the
fitted effective Dc tensor explains the data well, it is thus of
lesser importance whether the fit places the paramagnetic
centre at a chemically plausible location or not. For tags ligat-
ed to p-azido-phenylalanine by cycloaddition, the most critical
dihedral angle is the c1 angle of the AzF residue, because the
metal ion position, which is located at the end of the long
tether produced by the phenylene and triazole rings, is sensi-
tive to small changes in c1 angle. Rotations around bonds near
the outer end of the tag, that is, around the bonds following
the triazole ring, reduce the magnitude of the PCSs in the pro-
tein by averaging, without greatly compromising their repre-
sentation by a single average Dc tensor.
If the three-dimensional structure of the protein is known,
the potential of an aromatic amino acid to populate one or
more different c1 rotamers can be estimated using the muta-
tion tool in PyMOL.[31] In the case of the ubiquitin and GB1 mu-
tants investigated in the present work, these predictions ap-
peared to be valid.
Assessing the mobility of lanthanide tags
Several criteria can be used as evidence for mobile lanthanide
tags. 1) Substantial translational movements of the metal ion
tend to generate large PCSs in an extended area near the tag-
ging site, causing unconstrained Dc tensor fits to position the
paramagnetic centre far from the protein.[9] In this situation,
a very different metal ion position results from an unrestrained
fit and a fit that restricts the metal ion position to chemically
plausible sites. 2) Large quality factors associated with any Dc
tensor fit where the metal ion is restricted to a chemically
plausible position indicate difficulties to fit the data with
a single effective Dc tensor. 3) The alignment tensor due to
magnetic alignment is proportional to the Dc tensor. There-
fore, if the largest RDC measured is much smaller than expect-
ed from the Dcax value, this is evidence for movement of the
metal ion, although the magnitude of the effect depends
strongly on the details of the metal ion movement.[9] 4) Very
Figure 3. Correlations between back-calculated and experimental PCSs of:
A) Ubi-E18AzF ligated with alkyne-NTA tag, B) Ubi-T66AzF ligated with
alkyne-NTA, C) GB1-V21AzF ligated with IDA1 tag, D) GB1-T44AzF ligated
with alkyne-IDA2 tag. The data from complexes with Tb3+ and Tm3+ are
shown as open and filled circles, respectively. The fits were performed using
the rotamer library approach to restrain the metal ion positions to sites that
are compatible with the covalent structures of the tags.
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small Dc tensors indicate substantial averaging between differ-
ent tensor orientations. The experimental results obtained in
the present work show that mobility is most clearly revealed
by a combination of the criteria above and that alkyne-NTA
and alkyne-IDA tags clicked onto AzF deliver acceptable but in-
complete immobilization of the lanthanide ion.
Simultaneous lanthanide ion complexation by two different
coordinating moieties
Previous work showed that two NTA-SH tags ligated to a pair
of cysteine residues in neighbouring turns of an a-helix confers
excellent immobilization of a lanthanide ion that simultaneous-
ly binds to both NTA moieties.[3q] Similarly, an IDA-SH tag ligat-
ed to a cysteine in position i of an a-helix can cooperate with
an aspartic acid residue in position i+4 to immobilize a lantha-
nide ion[3p,15] and lanthanide complexes with dipicolinic acid
tags have also been noted to co-opt side-chain carboxyl
groups for additional coordination.[3l,o] By the same mechanism,
the ubiquitin mutant T66AzF with alkyne-NTA tag seems to
capture the lanthanide ion by the NTA moiety and, simultane-
ously, by the side-chain carboxyl group of Glu64. Unfortunate-
ly, this situation proved to be the exception rather than the
rule. In almost all other examples of the present work, the tags
positioned the lanthanide ions too far from protein carboxyl
groups for direct coordination, indicating that the remaining
coordination sites of the lanthanides were filled by hydration
water even when model building indicated the possibility of
direct coordination by a protein carboxyl group. This result
agrees with the observation that salt bridges in proteins rarely
lead to stable direct associations of carboxyl and amino
groups.[32] Nonetheless, the metal ion positions seemed to be
biased towards side-chain carboxyl groups, suggesting that
transient complex formation or longer-range electrostatic inter-
actions help to confine the metal ion position.
While NTA tags bind lanthanides very tightly,[33] the affinity
to IDA tags is considerably lower.[3p] In the present work, we
extensively explored IDA tags to increase the chances of addi-
tional coordination by carboxyl groups of the protein, consid-
ering that the net charge of lanthanide-NTA complexes is zero
whereas the complex with an IDA tag retains a positive net
charge. The experimental results showed, however, that the
IDA tags resulted in no better immobilization of the lanthanide
ion. In particular, the alkyne-IDA2 tag was designed with a flexi-
ble amide bond to facilitate the reorientation of the IDA group
relative to the tether, in case this would promote coordination
to a carboxyl group of the protein. The results, however, did
not show any evidence for easier capture of the lanthanide ion
by protein carboxyl groups. Instead, the alkyne-IDA2 tag pro-
duced overall smaller PCSs in the NMR spectra (Figure S2 in
the Supporting Information), indicating greater mobility of the
lanthanide. This corroborates our previous results with IDA-SH
tags, which showed that small deviations from ideal geometry
upset additional coordination by protein carboxyl groups, even
if they are in close proximity.[15] In the light of these results, we
prefer the alkyne-NTA tag over the alkyne-IDA tags for its
better binding affinity.
PCSs from tags attached by azide–alkyne cycloaddition
Most important and initially unexpected was the observation
that paramagnetic lanthanides associated with the alkyne-NTA
and alkyne-IDA tags ligated to AzF readily confer sizeable PCSs
to the proteins they are attached to, irrespective of the pres-
ence of additional protein carboxyl groups to assist the coordi-
nation of the lanthanide ion. This is a remarkable result, as im-
mobilization of tags attached via a single disulfide bond usual-
ly relies on short tethers and/or bulky LBTs such as DOTA deriv-
atives.[3m,n] Tags based on phenylalanine have the special ad-
vantage that the c1 and c2 angles of phenylalanine can be
predicted with good reliability, as the sterically allowed ranges
of both dihedral angles are significantly limited by the bulki-
ness of the phenyl ring. Protein crystal structures and theoreti-
cal predictions show that the c2 angle of solvent-exposed phe-
nylalanines usually is close to 908 and the preference in c2
angle helps restricting the c1 angle to populate a single rota-
mer.[34] In addition, the tether produced in the cycloaddition re-
action is remarkably rigid, as the phenyl and triazole rings can
be assumed to be co-planar due to double-bond conjugation
and changes in c2 angle reorient the triazole ring without relo-
cating it (Scheme 1). A 1808 flip around either the bond de-
fined by the c2 angle or the bond between phenyl and triazole
rings would displace the metal ion linked to the triazole ring,
but this displacement is no more than 5.3  in the case of
the alkyne-NTA tag, 3.5  in the case of the alkyne-IDA1 tag
and 6.3  in the case of the alkyne-IDA2 tag. In the case of
the alkyne-IDA1 tag, coordination of the lanthanide ion by the
nearest nitrogen of the triazole ring would further restrict the
movements of the lanthanide ion. For comparison, the estab-
lished NTA-SH and IDA-SH tags can displace the metal ion by
up to 4.5 . Another advantage of the AzF-triazole conjugate
lies in its capability to position the metal ion at a greater dis-
tance from the protein surface than the disulfide bridge
formed by the NTA-SH and IDA-SH tags. This alleviates the
impact of translational metal ion movements on the approxi-
mation made when fitting the PCSs of the protein by a single
effective Dc tensor.
Conclusions
In conclusion, the alkyne-NTA and alkyne-IDA tags provide ex-
cellent tools for generating pronounced PCSs in proteins with
paramagnetic lanthanide ions. These tags are attractive be-
cause they can be attached to the unnatural amino acid AzF,
which can be incorporated at any site using a well-established
orthogonal tRNA/aminoacyl-tRNA synthetase system, also in
the presence of cysteine residues. Although the metal ion is
not completely immobilized relative to the protein, sizeable
PCSs are obtained routinely and, in general, these can be fitted
acceptably well by a single effective Dc tensor. Prior detailed
knowledge of the protein structure is not required, as incorpo-
ration of an AzF residue into a regular secondary structure ele-
ment at a site predicted to be solvent exposed stands a good
chance of producing a tagged residue that populates a single
c1 rotamer and thus delivers useful PCSs. In situations where
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the lanthanide complex displays large translational motions,
a local Dc tensor fit to a selected region of the protein is still
likely to provide useful structural data.[9, 35] The ligation product
is chemically stable under all biologically relevant conditions.
In combination, these properties make the alkyne-NTA and
alkyne-IDA tags exceptionally versatile and highly attractive for
structural studies. Compared to the established C3 and C4
tags,[14] they are considerably smaller and less highly charged,
thus minimizing the impact on protein structure and function.
In addition, they allow the production of samples with differ-
ent lanthanides by straightforward exchange of the metal ions
rather than requiring new protein for each lanthanide.
Experimental Section
Tag syntheses
The tags were prepared according to published procedures.[16] An-
alytical data were in agreement with those reported previously.
Protein preparation
The AzF mutants of human ubiquitin and GB1 were expressed in
vivo by double transformation of E. coli BL21(DE3) with pETMCSI[36]
and pEVOL[37] vectors. The genes of ubiquitin and GB1 were en-
coded on the pETMCSI vector, with the sites of AzF incorporation
defined by amber stop codons to replace Glu18 or Thr66 in ubiqui-
tin, or Ile6, Val21 or Thr44 in GB1. The pEVOL plasmid encodes the
p-azido-l-phenylalanyl-tRNA synthetase (AzF-RS) from M. janna-
schii.[13a,37] Following transformation into E. coli BL21(DE3), the cells
were grown at 37 8C in the presence of 100 mgL1 ampicillin and
33 mgL1 chloramphenicol. An aliquot (10 mL) of an overnight cul-
ture was used to inoculate 1 L Luria–Bertani medium supplement-
ed with 0.02% arabinose. After growing to an OD600 of 1.5–2.0, the
cultures were changed to 500 mL minimal media for 15N-labelling,
containing 0.5 gL1 15N-ammonium chloride, 0.02% arabinose and
1 mm p-azido-l-phenylalanine.[38] Following incubation at 37 8C for
another 1–2 h, overexpression was induced with 1 mm isopropyl-b-
d-thiogalactopyranoside (IPTG). The cultures were harvested by
centrifugation after expression for about 16 h at 25 8C.
Except for Ubi-E18AzF, all protein constructs contained a C-terminal
His6 tag. These were purified by resuspending the cell pellet in
buffer A (20 mm HEPES buffer, pH 7.5, 150 mm sodium chloride,
5% glycerol, 20 mm imidazole) followed by lysis using a French
press at 12000 psi. The cell lysates were centrifuged for 1 h at
34000 g. The supernatant was loaded onto a 5 mL Ni-NTA column
(GE Healthcare, USA) and the protein was eluted with buffer B
(same as buffer A but containing 500 mm imidazole). The fractions
were analysed by 15% SDS-PAGE with Coomassie brilliant blue
staining. Fractions containing protein were pooled and dialyzed
against buffer C (50 mm HEPES, pH 7.5). Finally, the samples were
concentrated using an Amicon ultrafiltration centrifugal tube with
a molecular weight cut-off of 3 kDa.
The Ubi-E18AzF sample was prepared in the same way, except that
the cell pellets were resuspended in buffer D (20 mm MES, pH 6.8)
prior to lysis, and the supernatant from the cell lysate was loaded
onto an SP Sepharose column (30 mL) equilibrated with buffer D.
The column was washed with buffer D to remove unbound pro-
teins and the bound proteins were eluted with a linearly increasing
gradient of sodium chloride (0–1m).
Ligation of proteins with alkyne-NTA and alkyne-IDA tags
The click reactions between tag and AzF were performed in 0.8 mL
total reaction volume in the presence of 0.05 mm AzF–protein in
50 mm HEPES buffer (pH 7.5), 0.5 mm alkyne-NTA tag, 0.2 mm cop-
per(II) sulfate, 1 mm BTTAA (BTTAA=2-[4-({bis[(1-tert-butyl-1H-1,2,3-
triazol-4-yl)methyl]amino}methyl)-1H-1,2,3-triazol-1-yl]acetic acid),[17]
5 mm sodium ascorbate, 0.1 mm glycerol and 5 mm aminoguani-
dine. After overnight incubation of the reaction mixture at room
temperature, 5 mm EDTA was added to facilitate the removal of
copper. Following 30 min incubation at room temperature, the
protein solutions were concentrated and exchanged with NMR
buffer (50 mm HEPES buffer, pH 7.0) using an Amicon ultrafiltration
centrifugal tube.
NMR measurements
All NMR measurements were performed at 25 8C using a Bruker
600 MHz NMR spectrometer equipped with a TCI cryoprobe. Com-
plexes with lanthanides or Y3+ were formed by titration with the
metal trichlorides. PCSs were measured of amide protons as the 1H
chemical shift observed for the complex with Tb3+ and Tm3+
minus the 1H chemical shift observed for the complex with Y3+ .
Measurements of RDCs for Ubi-E18AzF and Ubi-T66AzF were car-
ried out on a Bruker 800 MHz NMR spectrometer equipped with
a TCI cryoprobe using an IPAP-15N-HSQC experiment.[39]
Fitting of Dc tensors
Initial fits of Dc tensors to assist the cross-peak assignments in the
paramagnetic states were obtained using the program Numbat.[25]
The reference structures chosen for the Dc tensor fits were the
first conformer of the NMR structure of ubiquitin (PDB ID: 1D3Z)[26]
and the crystal structure of GB1 (PDB ID: 1PGA).[27] The uncertain-
ties in the PCSs were estimated to be 0.02 ppm. Residues 74–76
are disordered in the NMR structure 1D3Z and therefore were not
used in the Dc tensor fits. To explore the most likely position of
the lanthanide ion, the program PyParaTools[40] was used to gener-
ate a rotamer library of the tagged AzF residue and identify the
conformation with the best-fitting Dc tensor. The covalent struc-
tures of AzF ligated with metal complexes of the NTA and IDA tags
were modelled using standard bond lengths and geometries, with
the lanthanide complexes derived from the Cambridge Structural
Database entries BERHIQ[41] and YEHVIR[42] of the K3Gd(NTA)2·6H2O
and NH4Co(IDA)2·2H2O complexes, respectively. For each tag,
200000 conformations were generated by randomly altering the c1
angle of AzF (608, 608, and 1808), the dihedral angle of the conju-
gated bond between the phenyl and triazole groups (08 and 1808),
the c2 dihedral angle and the dihedral angle between the triazole
and the CH2 group (any rotation angle), and the CN bond follow-
ing the CH2 group (608, 608, and 1808). An uncertainty range of
108 was allowed for all dihedral bond variations. Conformations
with steric clashes between protein and tag were eliminated. The
Dc tensors were fitted to each of the remaining conformers using
the experimental PCSs and the final Dc tensor was read from the
conformer with the best least-squares fit to the experimental PCS
data.[3n] Error estimates of the Dc tensors and metal ion position
were obtained by a Monte Carlo protocol that used a random se-
lection of 90% of the experimental PCS data, and by comparison
with the metal ion positions obtained by the program Numbat
that does not restrain the metal ion positions.[25]
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